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EXECUTIVE SUMMARY

INTRODUCTION

There is a growing concern about the quantity of aircraft deicing agents that migrate
offsite and inadvertently contaminate the soil and water environments. Propylene glycol
(1,2-propanediol) is widely used in aircraft deicing agents and vehicular antifreeze. Type I
deicers that are commonly used in North America consist of a minimum of 80% glycol by
weight, primarily ethylene glycol (EG) or propylene glycol (PG). Under FAA regulation,
deicing agents must be used to remove and prevent ice and frost from accumulating on
aircraft and airfield runways. Asa result, over 43 million liters of aircraft deicing products
are used each year nationwide [1]. During severe storms, large planes may require thousands
of gallons of deicing-fluids per deicing event. An estimated 80% of the fluids spill onto the
ground, ultimately causing on-site pooling, soil infiltration, runoff, and contamination of soil,
surface water and groundwater aquifers [1-3]. |

Vegetation can enhance the removal of man-made organic compounds and pollutants in
soil environments by microbial degradation in the rhizosphere and plant uptake [4,5].
Increased diversity and biomass of microbial communities in the rhizosphere render this zone
better for degradation of industrial chemicals (trichloroethylene [6], polycyclic aromatic
hydrocarbons [7]), and petroleum [8] in rhizosphere soil compared to root-frée soil.
Vegetation may play a vital role in reclaiming polluted ecosystems and preventing further
contamination by enhancing degradation and uptake into tissues, thereby reducing migration
to surface waters and groundwater aquifers. _

The three objectives of this research project, as described in the original proposal, were:

1. Determine the influence of rhizosphere microorganisms on the degradation of

ethylene glycol (EG) and propylene glycol (PG).
2. Identify environmental variables affecting the degradation of EG and PG in soil.

3. Determine the influence of vegetation on EG and PG movement in soil.




ACCOMPLISHMENTS
Objective 1. Determine the influence of rhizosphere microorganisms on the
degradation of ethylene glycol (EG) and propylene glycol (PG).

A. Ethylene glycol (see appendix 1)

Comparisons of the biodegradation of 14C-ethylene glycol ([**C]JEG) in rhizosphere soils
from five different plant species, nonvegetated soils, and autoclaved control soils at various
temperatures (-10°C, 0°C, 20°C) indicate enhanced mineralization (**CO; production) in the
rhizosphere soils. After 28 days at 0°C, 60.4%, 49.6%, and 24.4% of applied ['*C]EG
degraded to **CO; in the alfalfa (Medicago sativa), Kentucky bluegrass (Poa pratensis), and
nonvegetated soils, respectively. Ethylene glycol mineralization was also enhanced with
increased soil temperatures. Our results provide evidence that plants can enhance the
degradation of EG in soil. Vegetation may be a method for reducing the volume of aircraft
deicers in the environment and minimizing offsite movement to surface waters.

B. Propylene glycol (see appendix 2)

Root zone soils from several grasses and legumes were tested for their ability to enhance
mineralization of propylene glycol (PG). Propylene glycol (1000 ppm) was applied to root
zone soils incubated at either 22°C or 7°C under darkened conditions. Root zone soils from
legumes showed the highest rate of mineralization, however, soils from various grasses did
not show consistently different mineralization rates from each other. Mineralization rates
decreased 2.2 to 4.2-fold at the lower temperature; however, treatment soils still mineralized

propylene glycol faster than autoclaved controls.

Objective 2. Identify environmental variables affecting the degradation of ethyléne
glycol (EG) and propylene glycol (PG) in soil (see appendix 3).

The mineralization of ["*C]JEG and [*C]PG in sterile control soil, nonvegetated soil, and
soil containing Scirpus fluniatilis, Scirpus acutus, and Scirpus validus were determined.
Elevated levels of '*CO; in whole-plant systems indicate accelerated mineralization in the
vegetated treatments compared to the nonvegetated and sterile control soil samples. After a
7-d incubation period, aquatic macrophytes enhanced the mineralization of ['“CJPG by 11%
to 19% and ["*CJEG by 6% to 20%. Less than 8% of applied radiocarbon was detected in the

plant tissues, with the majority of the *C recovered in the roots. Artificial wetland and




shallow storage basins cultured with aquatic macrophytes may be valuable for treating airport

and air base runoff, thus reducing the biological oxygen demand and glycol concentrations in

receiving waters.

Objective 3. Determine the influence of vegetation on ethylene glycol (EG) and
propylene glycol (PG) movement in soil (see appendices 4 and S).

Undisturbed soil columns were planted with alfalfa (Medicago sativa) or rye grass
(Lolium perenne L.) to assess their potential to reduce the infiltration of ethylene glycol (EG)
or propylene glycol (PG). Ethylene glycol and PG were applied to the surface of
nonvegetated, M. sativa, and L. perenne soil columns and leached daily with deionized water.
Results from this study indicate vegetation reduced the quantity of PG and EG that moved
through the soil profile. Leachates from the vegetated soil columns contained significantly
less PG than leachates from the nonvegetated columns. Similar results were for EG. These
results suggest that plants can reduce the mobility of glycol-based deicing fluids in the soil

and minimize its potential to leach and contaminate groundwater.

PERSONNEL
The co-principal investigator, Dr. Todd Anderson, is now an Associate Professor at Texas

Tech University, in their Institute for Human and Environmental Health. Dr. Patricia Rice
finished her Ph.D. and worked as a postdoctoral research associate here until she accepted a
new position at BASF in Princeton, NJ, in their Environmental Fate (agrichemicals) group.
Dr. Ellen Arthur worked as a postdoctoral research associate here until she accepted a new

position at Bayer Corporation in Stillwell, KS, in their Environmental Fate (agrichemicals)

group.
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CHAPTER 3. EVALUATION OF THE USE OF VEGETATION FOR REDUCING
THE ENVIRONMENTAL IMPACT OF DEICING AGENTS

A paper to be submitted to Environmental Toxicology and Chemistry

Patricia J. Rice,t Todd A. Anderson} and Joel R. Coatst

Abstract This research project was conducted to evaluate the use of plants for reducing the
environmental impact of aircraft deicers. Significant quantities of ethylené glycol-based deicing
fluids spill to the ground and inadvértently contaminate soil and surface water environments.
Comparisons of the biodegradation of “C-ethylene glycol ([“C]JEG) in rhizosphere soils from
five different plant species, nonvegetated soils, and autoclaved control soils at various temperatures
(-10 °C, 0 °C, 20 °C) indicate enhanced mineralization (**CO, production) in the rhizosphere
soils. After 28 days at 0 °C, 60.4%, 49.6%, and 24.4% of applied [“C]EG degraded to “CO, in
the alfalfa (Medzcago satlva) Kentucky quegrass (Poa pratensis), and nonvegetated soils,

respectively. Ethylene glycol mineralization was also enhanced with mcreased soil temperatures

Our results provide evidence that plants can enhance the degradatlon of ethylene glycol in soil.
Vegetation may be a method for reducing the volurﬁe of aircré,ft &eicers in the environment and

minimizing offsite movement to surface waters.

Keywords- Ethylene glycol Propylene glycol Phytoremediation
Rhizosphere soil

fPesticide Toxicology Laboratory, Iowa State University, Ames, Iowa 50011

{The Institute of Wildlife and Environmental Toxicology, Clemson Umversxty, Pendleton, SC
29670
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_ - INTRODUCTION »

Under FAA regulation, deicing agents must be used to remove and prevent ice and frost
from accumulating on aircraft and airfield runways. Aviation deicing-fluids used in North America
primarily consist of ethylene glycol (EG) and/or propylene glycol (PG) with a minimal amount
of additives [1]. Vast quantities of glycols enter the environment through deicing of aircraft,
spills, and improper disposal of used antifreeze. Approximately 43 million L/yr of aircraft deicing
products are used nationwide. During severe storms, large planes may require thousands of
gaﬂons of deicing-fluid per deicing event [1]. An estimated 80% of the fluids spill onto the
ground, which may lead to the contamination of soil, surface water, and groundwater [1-3].
Runoff may also be collected in airport storm-sewer systems and directly released (untreated)
into streams, rivers, or on-site retention basins [1,2,4,5]. Airport runoffand storm-sewer discharge
have been found to contain éoncentraﬁons of EG ranging from 70 mg/L to > 5,000 mg/L [1].
Hartwell et al. [3] reported 4,800 mg/L EG in a creek which had received drainage from an
airport storage basin. Ethylene glycol has been detected in groundwater at 415 mg/L [1] and
2, 100 mg/L [6]. Surface waters contaminated with airport i'unoﬁ' have been shown to be harmful
to aquatic communities [.l‘ ,_‘4,7]:. Fisher and' vco-workers [8] studied the acute impact of airport
storm-water discharge on aquatic life and reported a 48-h LC50 of 34.3 and 69.3% effluent for
Pimephales promelas and Daphnia magna, fespectively. The primary concern of untreated
runoff released into surface waters is the high biological oxygen demand produced by the rapid
biodegradation of EG and PG. Even dilute levels of contamination may deplete the available
dissolved oxygen, resulting in asphyxiation [1,2,4,7]. Fish kills have been observed in waters
with direct discharge of airport runoff and waste [1].

Vegetation can enhance the removal of human-made organic compounds and pollutants
in soil environments by microbial degradation in the rhizosphere and plant uptake [9,10]. The
rhizosphere is the region of soil influenced by the roots. Plant roots secrete energy rich exudates

and mucilages which support large and diverse populations of microorganisms [11-14]. Increased
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diversity and biomass of microbial communities in the rhizosphere render this zone better for
degradation of organic pollutants. Pkevious research has shown enhanced degradation of industrial
chemicals such as trichloroethylene [15,16], polycyclic aromatic hydrocarbons [17], and petroleum
[18] in rhizosphere soil as compared with root-free soil. In addition to enhanced degradation in
the rhizosphere, plants may take up contaminants as part of their transpiration stream [9].
Vegetation may play a vital role in remediating polluted ecosystems and preventing further
contamination by enhancing degradation and uptake into tissues, thereby reducing migration to
surface waters and groundwater gquifers.

Previous research has revealed that microbial degradation of EG can occur in both aerobic
and anaerobic environments. Several genera of bacteria that utilize EG as a carbon and energy
source have been isoiated [19-21]. Only recently has the fate of EG been studied in the soil,
despite the widespread use of this compound [5,22]. McGahey and Bouwer [22] studied the
biodegradation of EG in simulated subsurface environments, utilizing inocula from soil,
groundwater, and wastewater. They concluded that naturally occurring microorganisms were
capable of degrading EG and that substrate concentration, soil type, temperature, and quantity
of oxygen affect the rate of biodegradation. In addiiion, Klecka and co-workefs [5] measured
the biodegradation rates of five different aircraft deicing-fluids in soil collected near an airport
runway. Rates of degradation for the deicers ranged from 2.3 to 4.5 mg/kg sbil pef day and 66.3
to 93.3 mg/kg soil per day for samples at -2 °C and 25 °C, respectively. '

Recently, there has been interest in reducing the contamination of glycol-based deicing
agents in the environment, because of their widespread use and adverse effects on aquatic
ecosystems. The purpose of our research was to evaluate the use of plants to enhance the
biodegi'adation of glycols in soil. In addition, we observed the influence of two potential rate-

limiting factors (soil temperature and substrate concentration) on the mineralization rate of EG

in the rhizosphere and nonvegetated soils.
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MATERIALS AND METHODS

Chemicals

Ethylene glycol (EG) and propylene glycol (PG) were obtained from Fisher Scientific
(Fair Lawn, NJ) and Sigma Chemical Company (St. Louis, MO). The radiolabeled compounds
-ethylene glycol-1,2-C ([“C]JEG) and uniformly labeled propylene glycol (['“CJPG) were
purchased from Aldrich Chemical Company (Milwaukee, WI) and New England Nuclear-Dupont
(Boston, MS). Upon receipt, the [“CJEG and [“C]PG were diluted with ethylene glycol and
propylene glycol to yield a stock solution of 0.277 uCi/ul and 0.247 uCi/pl, respectively.

Soil collection

Pesticide-free soil was collected from the Iowa State University Agronomy and
Agricultural Engineering Farm near Ames, (Boone County) Iowa. Ten golf-cup cutter (10.5
cm x 10 cm, Paraide Products Co.) soil samples were randomly removed from the field and
combined for each replicate. Samples were sieved (2.0 mm), placed in polyethylene bags, and
stored in the dark at 4°C until needed. Soils were analyzed by A & L Mid West Laboratories
(Omaha, NE) to determine i)hysical Vavmd chemical proberti&s. The sandy loam soil had a measured
pH of 6.6 and consisted of 54% sand, 29% silt, 17% clay, 3.1% organic matter.

In cooperation with the Air Force, soil samples were collected from Offutt Air Force
Base (Omaha, NE). The sampling sites were adjacent to airport runways or taxiways where
deicing activities had once occurred (Fig. 1). Observations were made on the type of vegetation
located in these areas. The tob sik inches of soil was collected with a shovel. Upon return to the
laboratory the soils were sieved, analyzed by A & L Mid West Laboratories (Table 1), and
stored as described above. Three 10-g soil (dry weight) subsamples from each site were analyzed
to determine if ethylene glycol or propylene glycol was present in the soil. Ten grams of soil
(dry weight) were extracted with 30 ml methanol and analyzed on a Varian 3740 gas
chromatograph (Varian Associates, Sunnyvale, CA, USA) equipped with a flame ionization




Fig. 1. Sampling sites at Offutt Air Force Base, Omaha, NE.
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detector and a 31 cm x 2 mm (ID) column containing 5% Carbowax 20M coated on Chromosorb
WHP (Supelco, Inc., Belefonte, PA, USA) [23]. The soil extracts were analyzed at column
temperatures ranging from 120 °C to 160 °C.

Rhizosphere soils from several different grass and legume plant species were used in this
study. Plants were grown from seed for 6 to 8 weeks in pesticide-free soil under the same
environmental conditions (25 °C, 14:10 light:dark cycle). The different plant species consisted
of tall fescue (Festuca arundinacea), perennial rye grass (Lolium perenne L.), Kentucky blue
grass (Poa pratensis L.), alfalfa (Medicago sativa), and birdsfoot trefoil (Lotus corniculatus).
These plants were chosen to represent vegetation that may be found adjacent to airport deicing
areas, airport runways, and leguminous plants capable of fixing atmospheric nitrogen. Rhizosphere
soil was collected from each plant species. Soil that closely adhered to the roots was considered
rhizosphere soil. In addition, a mixed rhizosphere soil was studied. Mixed rhizosphere soil was
collected from soil that contained the cool season grasses (¥ arundinacea, P. pratensis), a
legume (M. sativa), and L. perenne. Soils were sieved (2 mm), placed in a polyethylene bag,

and stored in the dark at 4 °C for less than 48 h before they were used in the degradation studies.

Degradation study: treatment and incubation

Portions of the [“C]EG stock solution were diluted with acetone and ethylene glycol to
make a 100 pg/g (0.5 uCi/0.004 g), 1,000 ug/g (0.5 uCi/0.04 g), and 10,000 ng/g (0.5 nCi/0.4
g) treating solutions. A measured 1,000 ug/g [“CJEG and [“C]PG were applied to rhizosphere
soil, Offutt site soil, nonvegetated soil, and autoclaved (autoclaved 3 consecutive d for 1 h) soil.
In addition, 100 pg/g and 10,000 pg/g [“CJEG were added to M. sativa rhizosphere soil and
nonvegetated soil determine the effect of substrate concentration on the rate of EG mineralization.
After the acetone evaporated from the soil, four 10- or 20-g (dry weight) subsamples of the
treated soils were transferred to individual incubation jars, and the soil moistures were adjusted

to 1/3 bar (-33 kPa). One sample from each soil treatment was extracted three times with either
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30 ml 9:1 (v/v) CH,OH:H,0 or 30 ml CH,OH to determine the actual quantity of “C applied to
the soil. The extraction efficiencies ranged from 95% to 103%. The three remaining samples
were the three replicates for each soil treatment. A vial containing 3 ml 2.77 M NaOH was
suspended in the headspace of each incubation jar to trap “CO, evolved from the mineralization
of [“CJEG. These traps were replaced every 24 h for the first 3 d, and every 48 h thereafter for
the remainder of the study. The quantity of [“CJEG mineralized to “CO, was determined by
radioassaying subsamples of the NaOH on a RackBeta® model 1217 liquid scintillation counter
(Pharmacia LKB Biotechnology, Inc., Gaithersburg, MD). Soils were incubated at -10 °C, 0 °C,
and 20 °C for 30 d (28 to 30 d).

Mineralization is considered the ultimate degradation of an organic compound. The
CO, produced during the mineralization of a radiolabeled substrate can be used to determine
the degradation rates of that compound [24]. Therefore we calculated the mineralization time
50% (MT50), the estimated time required for 50% of the applied [“C]JEG to mineralize, by
using formulas previously used for determining degradation rate constants and half-lives [25,26].
Calculations of MT50s were based on the assumption that the dissipation of ethylene glycol
from the soil by mineralization followed first-order kinetics. Linear regressions of the natural
log of percentage “CO, (160% ofapplied “C - % “CO, evolved) vs. time were used to detexmihe
the MT50 and coefficients of determination (r?). Data points used to calculate these values
include the quantity of “CO, produced from the initial treatment of the soil through the log or
exponential phase of the mineralization curve (Fig. 2). The lag phase was accounted for in the
calculations as described by Larson [26]. Lag time in this study was defined as the number of
days before “CO, exceeded 2% of the applied radiocarbon. The MT50 values compared well
with the actual time required for 50% Qf the applied “C to mineralize (further discussed in the
results). These calculated MT50s were only used to compare the differences between the different

soil types at -10 °C, 0 °C, and 20 °C, because oversimplification of the actual mineralization rates
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Fig. 2. Mineralization of [“CJethylene glycol in nonvegetated soils and bluegrass (P
pratensis), fescue (F. arundinacea), rye (L. perenne), trefoil (L. corniculatus), and mixed
rhizosphere soils at -10 °C, 0 °C, and 20 °C. Mixed rhizosphere soils were collected from soil
that contained M. sativa, F. arundinacea, L. perenne, and P. pratensis.
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may have occurred. Analysis of variance and the least squared means were used to test for

significant differences between the different soils at the p<0.05 level of significance [27].

Soil extraction and analyses

At the completion of the study, soils were extracted three times with either 30 ml 9:1 (v/
v) CH,OH:H,O or 30 ml CH,OH. The extractable “C was analyzed on a liquid scintillation
counter (Pharmacia LKB Biotechnology, Inc., Gaithersburg, MD). The extracted soils were air
dried then crushed and homogenized in a plastic bag. Subsamples of the soils were made into
pellets (0.5 g soil and 0.1g hydrolyzed starch) and combusted in a Packard sample oxidizer
(Packard Instrument Co.). The “CO, produced from the soil combustion was trapped in
Permafluor® V and Carbo-Sorb® E. Spec-Chec® C standard (9.12 x 10°dpm/ml) was used
to determine the trapping efficiency. Three to six soil pellets were combusted for each replicate.
The soil-bound radiocarbon was quantified by liquid scintillation. The data were statistically
analyzed by analysis of variance and least significant differences at 5% [27].

RESULTS

Mineralization of ["*C]JEG in rhizosphere and nonvegetated soils

The mineralization of different ['*CJEG concentrations in nonvegetated and M. sativa
rhizosphere soil, incubated at 0 °C, is shown in Figure 3 and Figure 4. An inverse relationship
was evident between the concentration of [“C]JEG applied to the soils and the percentage of
radiocarbon mineralized. Significantly (p<0.05) smaller percentages of the applied ['*C]JEG was
transformed to '“CO, as the substrate concentration increased. After 28 days, 55.2%, 20.5%,
and 7.14% of applied *C evolved as “CO, in the nonvegetated soils treated with 100pug/g, 1,000
ng/g, and 10,000 pg/g [“CJEG, respectively. Comparison of the data in the nonvegetated soils
(Fig. 3) and the M. sativa rhizosphere soil (Fig. 4) indicated significantly (p<0.05) enhanced

mineralization in the rhizosphere soil. Within 8 days after treatment, the production of “CO, in
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the 100 pg/g [“CIEG M. sativa thizosphere soils was elevated by 26% compared with the
nonvegetated sample at the same concentmtioh. 'Aﬁer 28 days, 622%, 49.7%, and 21.2% of the
added “C was liberated as “CO, in the 100 pg/g, 1,000 ug/g, and 10,000 p.g/g rhizosphere soils,
respectively. Overall, M. sativa rhizosphere soils significantly enhanced the nﬁnerﬂizaﬁon of
ethylene glycol by 7% to 29% as compared with the nonvegetated soils with similar [“C]JEG
concentrations. Furthermore, the total percentage of applied radiocarbon that evolved as “CO,
from the 1,000 pg/g nonvegetated soils and the 10,000 ug/gM. sativa rhizosphere soils was not
significantly different.

The effect of vegetation and temperaturé on the degradation of [*CJEG and [“C]PG in
the soil was studied by comparing the mineralization of 1,000 ug/g EG and 1,000 ug/g PG in
several rhizosphere soils, nonvegetated soils, and sterile soils, and Offutt site soils incubated at
-10 °C, 0 °C, and 20 °C (Table 2-4). Examination of “CO, produced after 15 days showed
significantly greater (p<0.05) mineralization of [“C]JEG as the temperature increased, except for
the sterile soils (Fig. 5). A average of 2.7%, 12.2%, and 50.3% of applied radiocarbon was
evolved as “CO, in the L. perenne rhizosphere soils incubated at -10”°C, 0 °C, and 20 °C,
respectively. L. corniculatus rhizosphere soil produced the greatést .qua‘nt‘\ity of “CO, within the
initial 15-day incubation period at -10 °C. No significant differences were observed between the
F. arundinacea, L. perenne, and P. pratensis and the mixed rhizosphere soils. A comparison of
the rhizosphere soils, sterile soils, and autoclaved soils at 0 °C and 20°C indicated that the
rhizosphere soils significantly enhanced the mineralization of ethylene glycol. After 15 days, the
greatest quantity of “CO, produced at 0 °C occurred in the mixed and M. sativa rhizosphere
soils. Over 17.3% and 19.3% of the applied radiocarbon was mineralized in the mixed and M.
sativa thizosphere soils compared with 6.73% in the nonvegetated soils. Significant differences
were observed between all the soils studied at 20 °C. The transformation of [“CJEG to “CO, in
descending order was E. arundinacea rhizosphere>M. sativa rhizosphere>L. corniculatus

rhizosphere>P. pratensis rhizosphere>L. perenne rhizosphere>mixture rhizosphere
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Table 2. Calculated MT50s for [“C]ethylene glycol. MT50s represent the time
estimated for 50% of the applied [“C]ethylene glycol to transform to “CO,

Soil sample o - Temperature (°C) MT50 (r)*
Sterile -10 >10,000 (>=0.81) A
 Sterile 0 _ >10,000 (r*=0.81) A

Sterile 20 1,523 (=0.99) B
Nonvegetated 0 73 (1*=0.93) C
Nonvegetated 20 43 (r’=0.70) D
M. sativa rhizosphere 0 26 (1*=0.96)E
M. sativa thizosphere 20 6 (r=0.91)F
E arundinacea rhizosphere -10 533 (r*=0.50) G
E arundinacea rhizosphere 0 28 (r’=0.69)E
E arundinacea rhizosphere 20 7 (>=0.92) F
L. perenne rhizosphere -10 40 (r’=0.56) D
L. perenne rhizosphere 0 20 (’=0.83) EH
L. perenne rhizosphere 20 10 (*=0.92) FH
P. pratensis rhizosphere , -10 . 59 (r*=0.56) 1

. P, pratensis rhizosphere 0 o 20 (*=0.80) EH
P. pratensis thizosphere 20 . 9(@*=0.96)F
L. corniculatus rhizosphere -10 107 (*=0.91)J
L. corniculatus rhizosphere 0 103 (r>=0.95)J
L. corniculatus rhizosphere 20 3(™=0.97)F
mixed rhizosphere® -10 27 (*=0.71) E
mixed rhizosphere® 0 ' 20 (1>=0.86) E.H
mixed rhizosphere® 20 5(@=0.91)F

*Means in each column followed by the same letter are not significantly different -
(p =0.05). ,

"Samples collected from soils planted with a mixture of M. sativa, F, arundinacea,
L. perenne, and P. pratensis.
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Table 3. Calculated MT50s for [C]propylene glycol. MT50s represent the time
estimated for 50% of the applied [“C]propylene glycol to transform to “CO,

Soil sample Temperature (°C) MT50 (19"
Sterile 0 >10,000 (r*=0.90)
Sterile - 20 630 (r*=0.59)
Nonvegetated 0 54 (r*=0.86)
Nonvegetated 20 13 (*=0.64)
M. sativa rhizosphere 0 30 (r*=0.81)
M. sativa thizosphere 20 9 (r*=0.91)
F. arundinacea rhizosphere -10
F. arundinacea thizosphere 0 40 (=0.74)
E arundinacea thizosphere 20 5 (r*=0.85)
L. perenne rhizosphere -10
L. perenne rhizosphere 0 18 (r*=0.85)
L. perenne rhizosphere 20 10 (r*=0.92)
P, pratensis rhizosphere . -10 _
P. pratensis rhizosphere o .. .34 (*=0.76)
P. pratensis thizosphere 20 6 (r*=0.70)
L. corniculatus thizosphere -10
L. corniculatus rhizosphere 0 18 (1°=0.74)
L. corniculatus rhizosphere 20 5 (*=0.55)
mixed rhizosphere -10
mixed rhizosphere® 0 28 (r2=0.75)
mixed rhizosphere® 20 11 (r2=0.54)

*A problem with the incubation system at -10 °C caused the temperature to rise above 5 °C,
therefore the MT50s and rate constants were not correct for -10 °C and were omitted from
the table.

bSamples collected from soils planted with a mixture of M. sativa, F. arundinacea, L. perenne,
and P, pratensis.
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Table 4. Calculated MT50s for site soils collected at Offutt Air Forc Base.

Soil sample Temperature (°C) MTS50 ()
Sitel -10 : 187 (1>=0.95)
Site 1 0 95 (r*=0.93)
Site 1 . 20 . 13 (*=0.72)
Site 2 -10 128 (r*=0.85)
Site 2 0 40 (r*=0.85)
Site2 20 16 (r*=0.61)
Site 3 -10 141 (r*=0.75)
Site 3 0 78 (r*=0.97)
Site 3 20 17 (1*=0.768)
Site4 -10 89 (r=0.64)
Site4 0 34 (>=083)

Site 4 .20 11 (*=0.67)




58

(50°0=d) W11 ApuroymBIs 10U 18 Jo}9] Swes oYy Aq pamojjoj sieg 'sejedljdal 3aJy) JO ursw oY) si Jeq yoey ‘pouad
uoneqnoul p G| © JoYe [004|8 ausjAyIa[D),,] JO uonezIEIUNL SY) UO 21NeIddWa) [0S PUB UONEIGFIA JO S109h3 YL, 'S 31y

(O, dameradma],

9

O

I - 310y dsozIys i
AmEu_somE.oo ") a19ydsoziyl gy
(sisusrexd *g) aseydsozyi [
(suuasad ) sseydsoziyi ;g
Anoou,c%cg *J) a10ydsoziyi 3
(eanes ‘W) a1oydsoziyi g
paleiadaaucu
paAR[oOINE

1 ov

1o

] o1
1 oz

1 ot

1 os

1 09

1 o8

skep g1 Jaje

]1 8/81 ¢00‘1 paridde yo aSejuddrag

pazierduwiw HY[D,,




59

>nonvegetated>steﬁle soils. After 15 days, 65.5%, 50.3%, 37.9%, and 0.27% of the applied
radlocarbon mmerahzed in the E arundinacea, L. perenne, nonvegetated, and sterile soils,
respectively. Compansons of “CO, produced after 15 din [“C]JEG and [“C]PG samples indicate
[“C]PG mineralized more rapidly in soil than [“C]JEG (Fig. 6).

One tiionth (28 d to 30 d) after the application of EG, the different rhizosphere soils
continued to enhance the mineralization of [“CJEG by 1.7 to 2.4 times and 1.2 to 1.6 times
greater than the nonvegetated soils at 0 °C and 20°C, respectively (Table 5). Our results showed
significantly (p<0.05) greater quantities of CO, evolved in the soils tested at 20°C compared
with -10 °C, with the exception of the mixed rhizosphere soils. A measured 52.9%, 56.8%, and
53.9% of the applied parent compound was mineralized in the -10 °C, 0 °C, and 20 °C mixed
rhizosphere soils, respectively. Further examination of the data at 0 °C and 20 °C (Table 5)
revealed no significant differences between the production of CO, at 30 days in the L. perenne,
P. pratensis, and mixed rhizosphere soils. After 30 days, the largest quantity of “CO, that
evolved at -10 °C, 0 °C, and 20 °C occurred in the mixed rhizosphere soil, P, pratensis and mixed
rhizosphere soils, and the M. sativa and F. mwndinacea rhizosphere soils, resiiectively.

At the completion of the degradation study, the percentage of extractable radiocarbon
ranged from 2.4 % to 95.6% (Table 5). Significantly greater quantities of extractable “C was
detected in the sterile soil samples compared with the nonvegetated and rhizosphere soils. Over
93% of'the applied radiocarbon was detected in the soil extracts of the autoclaved soils incubated
at-10°C and 0°C. .In addition, extractable “C was significantly (p<0.05) more abundant in the
nonvegetated soils incubated at 0 °C than the rhizosphere soils. With the exception of L. perenne
and mixed rhizosphere soils, significantly greater quantities of extractable radiocarbon were
detected in the -10 °C soils compared with the 20 °C soils. The extractable radiocarbon was not
significantly different between the biologically active soils at 20 °C.

The quantity of soil-bound residues detected in the soil samples, ranged from 2.7% to
34.0% of the applied radiocarbon (Table 5). Examination of the data in Table § indicated that
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the rhizosphere and nonvegetated soils had significantly (p<0.05) greater quantities of bound

residues than sterile soils.

Calculated MT50 and mineralization rate of ['‘C JEG mineralization

Ethylene glycol was mineralized at a faster rate in rhizosphere soils than nonvegetated or -
sterile soils (Table 2 and 3). The MT50s were determined for all the different soil types studied
at the various temperatures. Smaller MTS50 values represent faster mineralization rates. The
MTS50 for [“C]EG in the sterile soils, nonvegetated soils, and £ arundinacea rhizosphere soils
incubated at 20 °C was 1523 d, 43 d, and 7 d, respectively. Calculated MT50 values compared
well with the actual time required for 50% of ethylene glycol to mineralize in the soil.
Approximately 50 % of the ethylene glycol applied to . pratensis and F amndinace.rhizosphere
soils at 0 °C and 20 °C was mineralized in 20 d to 21 d and 7 d to 8 d compared with 20 d and
7 d for the calculated MT50s, respectively. Among the soils evaluated at -10 °C, the rate of
ethylene glycol mineralization was greatest to least for mixed rhizosphere>L. perenne
rhizosphere>P. pratensis rhizosphere>L. corniculatus rhizosphere>F. arundinacea
rhizosphere>nonvegetated>sterile soils. Except for the L. corniculatus rhizosphere soils, the
MT50s were not significantly different between the rhizosphere soils incubated at 0 °C. Based
on the MT50s (Table 2), mixed rhizosphere soils mineralized ethylene glycol approximately 1.5
times to 19.7 times faster than the other rhizosphere soils at the same temperature and 1.6 times
faster than the nonvegetated soils at 20 °C.

Furthermore, the data (Table 2 and 3) indicate the MT50s significantly (p<0.05) decreased
with increased temperatures. The MT50 for F. arundinacea rhizosphere soil at -10 °C, 0°C, and
20 °C were 533 d, 28 d, and 7 d, respectively. Increasing the temperature from -10°C to 20 °C
for E, arundinacea thizosphere soils enhanced the mineralization rate by a factor of 76. Generally,
a 15 d to 21 d and a 21 d to 27 d lag phase was observed in the 0 °C and -10 °C soil samples,
respectively (Fig. 2). Low quantities of “CO, (<6% of applied “C) were produced during the
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lag phase. Nonvegetated and rhizosphere soils incubated at 20 °C showed no lag phase and
consistently mineralized >45% of the applied radiocarbon within 9 d after treatment.

DISCUSSION

Results obtained from our investigation indicate that vegetation can enhance the
mineralization rate of ['*C]JEG and [“C]PG in the soil. Significantly (p<0.05) greater quantities
of “CO, were consistently produced in the M. sativa, F. arundinacea, L. perenne, F. pratensis,
L. corniculatus, and mixed rhizosphere soils than the amount of “CO, produced in both the
sterile control and nonvegetated soils. A comparison of rhizosphere soils and nonvegetated soils
showed a two- to four-fold increase in the transformation of [“CJEG to “CO,. Th¢ accelerated
mineralization rate observed in these soils may be a result of greater microbial biomass and
activity generally found in rhizosphere soils [11-14]. Previous research has shown enhanced
biodegradation of industrial chemicals [16,17] and pesticides [19-22,24] in rhizosphere soils
compared with nonvegetated soils. In addition, microorganisms that utilize ethylene glycol as a
carbon and energy source have been previously isolated [20,21]. -

Results from this study provide étrong evidence that mineralization was the predominant
factor involved in the dissipation and reduction of ethylene glycol in the soil. Within 30 days,
42.6% to 71.9% of the applied radiocarbon evolved as ‘CO, from the biologically active soils at
20 °C. Ethylene glycol mineralization at 0 °C in the sterile soils was minimal (0.03%) éompared
with the nonvegetated (24.4%) and rhizosphere soils (>43.6%) indicating that transformation of
this aircraft deicer was a microbiological process. Several genera of bacteria have been shown
to utilize ethylene glycol as a source of carbon and energy for growth [20,21]. Our results
indicate significantly (p<0.05) greater quantities of radiocarbon were detected in the soil-bound
residues of the nonvegetated and rhizosphere soils compared with the autoclaved soils. Previous
“research has shown ethylene glycol does not adsdrb to soil [23]. Lokke [23] observed the

mobility of ethylene glycol through an anaerobic soil column and reported that very little to no




64

ethylene glycol adsorbed onto the subhorizon of melt water sand, sandy till, and clayey soils.
Therefore, we conclude that the increased quantity of “C soil-bound residues in the biologically
active soil was a result of [“CJEG mineralization and, thus, portions of the radiocarbon were
incorporated into the cell constituents.

Substrate concentration significantly influenced the mineralization of ethylene glycol in
the soil. Our results showed an increase in [“CJEG concentration significantly reduced the
percentage of applied radiocarbon that evolved as “CO, inboth the nonvegetated and rhizosphere
soils. McGahey and Bouwer [22] noted an increase in the time required for 95% of the applied
ethylene glycol to be removed frorﬁ the samples with increased substrate concentrations.
Comparisons of the various [“CJEG concentrations in nonvegetated and M. sativa ‘rhizosphere
soils clearly indicate that the rhizosphere soil significantly enhanced the mineralization of EG
compared with the nonvegetated soils.

A positive relationship occurred between the soil temperature and the ethylene glycol
mineralization rate. Increasing the temperature from -10 °C to 20 °C in the biologically active
soils resulted in enhanced mineralization rates that were approximately 6 to 7 times faster than
the rates noted in the -10 °C soils. Klecka et al. [5] also noted an increase in the biodegradation
rate of ethylene glycol from the soil with increased temperatures. Temperature has been shown
to greatly effect the enzyme activity and the growth rate of microorganisms [24]. Generally a 10
°C increase approximately doubles the rate of biological reactions [13,14,24]. Examination of
our data also indicates that the nonvegetated and rhizosphere soils had significantly (p<0.05)
greater mineralization rates at -10 °C than the autoclaved soils at 20 °C. These results indicate
the microbial communities were able to survive and mineralize ethylene glycol at this cold
temperature. Microorganisms are capable of growing and metabolizing organic compounds at
low temperatures as long as water continues to exist as a liquid [13,14,24]. The presence of
ethylene glycol contamination in the soil may have reduced the freezing point of the water within

the soil. Thus, psychrophilic bacteria may have been able to metabolize ethylene glycol at the
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subzero temperature. Lag phases were observed in the soils incubated at the two cooler
temperatures (-10 °C and 0 °C). This may be due to lower enzyme and biological activity at the
cooler temperature and therefore acclimation time was needed. No lag phase was observed in
the soils incubated at 20 °C. Rather a large evolution of “CO, occurred within the first few days
after ['*CJEG application. Comparisons of the rhizosphere soils and nonvegetated soils at various
temperatures indicate that rhizosphere soils significantly (p<0.05) enhanced the mineralization
of ethylene glycol in the soil.

Rhizosphere soils of different plant species were studied to determine their effect on the
mineralization rate of ethylene glycol. Soils were collected from the root zone of various
grasses (F. arundinacea, L. perenne, P. pratensis), legumes (M. sativa, L. corniculatus), and a
mixture of these plant species. The mixed rhizosphere soil had the shortest MT50 of the soils
incubated at -10 °C. A comparison of the MT50s in the soils incubated at 0 °C indicates the
mixed, F. pratensis, and L. perenne rhizosphere soils had significantly faster mineralization rates
than the M. sativa and F. arundinacea rhizosphere soils, but they were not significantly different
* from each other. No particular rhizosphere soil collected from an individual plant species was
predominately the most efficient at mineralizing ethylene glycol at all three temperatures. The
rate of ['“C]JEG transformation to “‘.CO2 in the mixed rhizosphere soils was unsurpassed at the
cooler temperatures (-10 °C and 0 °C) with the most significant difference noted at -10 °C.
Approximately, 7% and 30% more “CO, was produced at -10 °C in mixed rhizosphere soils
~ compared with other rhizosphere soils from individual plant species. In addition, the mineralization
rate of [“C]JEG in the mixed rhizosphere soils incubated at -10 °C was 1.6 times faster than the
mineralization rate in the nonvegetated soils incubated at 20 °C. These results suggest that a
mixed culture of plant species would enhance the degradation of aircraft deicers more than a
monoculture. Bachmann and Kinzed [28] studied the rhizosphere soils of six different plant
species and noted the metabolic activity of the soils were variable depending on the species. The

mixed rhizospheres in our study probably had more diverse exudates secreted into the soil from
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the mixed plant culture than the monocultures. The mixed rhizosphere soils may have contained
more diverse and abundant microbial communities that resulted in greater degradation of ethylene
glycol at -10 °C.

The enhanced mineralization of ethylene glycol observed in the rhizosphere soils from
these studies may be underestimated in comparison to rhizosphere soils in the natural environment.
Plant-soil interactions are responsible for maintaining the increased microbial biomass and activity
in the rhizosphere soil. Therefore, by removing the soil from the roots, we may have lost some of
the beneficial rhizosphere properties by the end of the experiment [29]. Additional studies are

needed that include the intact plant.

CONCLUSION

Our results provide evidence that vegetation may be an eﬁ'ective; method for remediating
soils contaminated with aircraft deicing fluids. Rhizosphere soils consistently enhanced the
degradation of ethylene glycol compared with the nonvegetated soils, regardless of changes in
the soil temperature and substrate concentration. In addition, mixed rhizosphere soils were the
most prominent (p<0.05) soil type for mineralizing ethylene glycol at subzero temperatures.
Therefore, a mixed culture of cold-tolerant plant species could be planted alongside airport
deicing areas and runways to help enhance the biodegradation of glycol-based deicers that
inadvertently contaminate the soil. Facilitating the biodegradation of these deicers in the soil
will reduce the offsite migration and minimize the concentration of glycol-based deicers that

reach the surface waters, thus reducing their environmental impact.
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~ Abstract. Propylene glycol is a common component in aircraft deicing fluids. Runoff
from airports may contain high concentrations of propylene glyéol, leading to a high
biological oxygen demand (BOD) in the runoff. Root zone soils support a diverse
microbial community and have been shown to enhance biodegradation of numerous
compounds. Root zone soils from several grasses and legumes were tested for their
ability to enhance mineralization of propylene glycol. Propylene glycol (1000 ppm) was
applied to root zone soils incubated at either 22 °C or 7 °C under darkened conditions.
Root zone soils from legumes showed the highest rate of mineralization, however, soils
from various grasses did not show consistently different mineralization rates from each
other. Mineralization rates decreased 2.2 to 4.2-fold at the lower temperature;
however, treatment soils still mineralized propylene glycol faster than autoclaved

controls.
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1. INTRODUCTION

Propylene glycol is a simple organic compound used frequently in
pharméceuticals, food products, and cosmetics (U.S. Deparément of Health and Human
Services, 1997). It is also the primary component in many deicing and anti-icing fluids
used in airports around the world. (Deicing and anti-icing fluids will be referred to as
simply deicing fluids for the remainder of the paper.) Although it has a low acute toxicity
to humans and other animals, it can be hazardous to the environment if it reaches
surface water in high concentrations. The rapid biodegradation of propylene glycol in
water can lower dissblved oxygen to levels that may be hazardous to the aquavtic
communify (Sills and Blakeslee, 1992). Ethylene or propylene glycol-based deicers are
the only type currently permitted by the Federal Aviation Administration (FAA).

Many large airports, and airports that face severe weather conditions frequently
through the winter months, are striving to reduce glycol-laden wastewater runoff. Better
weather forecasting and ice sensing instrufnentation can reduce the amount of deicing
fluid needed to keep aircraft safe (Kiernan, 1995). Systems are also being designed to
catch spent deicing fluids or divert runoff to treatment or recycling plants (Baker et al.,
1994). While these practices can help reduce the environmental impact of using glycol-
based deicers, they are cumbersome changes to make in a large established airport
and may be too expensive for smaller airports.

vlts simple structure makes propylene glycol readily metabolizable by numerous
ubiquitous microorganisms in soil and water. This makes biodegradation an attractive
option for glycol cleanup. Research has shown that glycols can be degraded by

microorganisms in soil (Klecka et al., 1993; Davis-Hoover and Vesper, 1995; Kawai,
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1995; Strong-Gunderson et al., 1995; Bausmith and Neufeld, 1996), water (McGahey
and Bouwer, 1992), and sewage sludge (Kaplan et al., 1982; Dwyer and Tiedje, 1983;
Raja et al., 1991; Kilroy and Gray, 1992; Sabeh and Narasiah, 1992; Nitschke et al.,
1996).

A technique available to most airports as a means of glycol control is
phytoremediation. Typically, grasses dominate the area surrounding airport runways.
While these plants may be useful in reducing runoff, they may not be the most
appropriate plants for stimulating microbial degradation of deicing fluid in soil.
Management of the indigenous vegetation, and/or incorporation of other plant types
may be a low-cost method of reducing deicing fluid in runoff. By reducing the amount
of propylene glycol reaching surface waters through reduction of runoff or degradation
by rhizosphere microorganisms, the environmental impact of deicing fluids can be
minimized. This research investigated the influence of vegetation on the mineralization

of propylene glycol in soil.

2. MATERIALS AND METHODS
Root Zone Soils
Soil was collected from the Clemson University Simpson Experiment Station
near Pendleton, Anderson County, South Carolina and transported to the greenhouse
where it was sieved using a 10 mesh sieve (2 mm). Several plant species and
combinations were chosen for this study including common turf grasses, prairie
grasses, and legumes (Table ). Plants were grown from seed in plastic cylindrical

growth containers. Containers were kept in the greenhouse where they were watered 3




times a day by an automatic sprinkler. Plants were maintained in the greenhouse for 5
weeks after seeding until soils were collected.

The soil was removed from the container and root and plant matter was removed
as completely as possible. The soil was homogenized by hand and a 20-g sample was
placed in a 125-mL Erlenmeyer flask. Moisture levels varied between samples based
on type of plant and root mass. Drier samples were moistened with autoclaved Milii-Q®
water (18 mQ resistance, Bedford, MA) to maintain fairly uniform moisture Iévels near
field capacity.

Sterile (autoclaved) controls were used to monitor *“CO, production from soil by
chemical degradation. The control consisted of nonvegetated soil (20 g) placed in a
125-mL Erlenmeyer flask and autoclaved for 45 minutes at 121 °C and 25 psion 3
consecutive days.

Mineralization Studies

Propylene glycol was obtained from Fisher Scientific (Fair Lawn, NJ). Uniformly
labeled “C-propylene glycol was provided by the Pesticide Toxicology Laboratory at
lowa State University in Ames, lowa who purchased it from New England Nuclear-
DuPont (Boston, MA). A 20,000 ppm (ng/mL) propylene glycol (100,000 DPM/mL)
spike solution was made in autoclaved Milli-Q® water (18 mQ resistance, Bedford, MA).
One mL was added to each flask with 20 g of soil to give a final concentration of 1000
ppm (ng/g) propylene glycol in the soil (100,000 DPM per sample). Flasks were
incubated at room temperature (22 °C) or in a refrigerator (7 °C) for the duration of each

test. Flasks were kept dark and received light only during sampling.




Plastic 7-mL scintillation vials (Fisher Scieritiﬁc, Fair Lawn, NJ) were used for
CO, traps. Each vial contained 2 mL of 2.4 M NaOH made with autoclaved Milli-Q®
water. The vials were suspended in the flask by a 25 gage wire. Traps were replaced
daily for the first 10 days of each experiment, and then daily to once a week depending
on the rate of *CO, production. Experiments continued for a minimum of 24 days and
a maximum of 64 days. For the flasks incubated at 22 °C, individual flasks were
removed from the experiment when their daily mineralization rates dropped to less than
0.4% of the added radioactivity. For the flasks incubated at 7 °C, the experiment was
ended on day 64.

Each day that the traps were changed, 250 pL of the NaOH was removed from
the used trap and mixed with 4 mL of ScintiVerse® BD scintillation cocktail (Fisher
Scientific, Fair Lawn, NJ). Each sample was counted for 2 minutes on a Beckman LS
6500 Multi-Purpose Scintillation Counter (Beckman Instruments, Fullerton, CA). Counts
from a blank of 250 uL NaOH in 4 mL of scintillation cocktail were subtracted from all
- samples. This method of aliquoting from a larger sample and counting under these
conditions was used throughout the study.

During an initial experiment, polyurethane foam traps were also placed in the
flasks to trap any volatile organics (*C-propylene glycol or *C-metabolites) and
extracted at the conclusion of the experiment. Since no radioactivity was found in these
traps, they were not used in subsequent experiments.

To confirm that the radioactivity measured in the NaOH traps was from "“CO,

" and not an organic acid, a few milligrams of Ba(OH), were added to the trap after an




aliquot was taken for counting. The solution was filtered through a 0.45 pm acrodisk
filter (Gelman Science, Ann Arbor, Mi) and 250 le of the filtrate was counted as
described above. There was no radioactivity detected in the filtrate, indicating that all
the radioactivity was in the form of *CO,.

| Mass Balance

At the conclusion of the experiment, soils were analyzed for any extractable “C.
Methanol (20 mL) was added to the flasks and they were shaken at 250 rpm for 1 hour.
An aliquot of the extract was filtered through a 0.45 pm acrodisk filter and 250 pL of the
filtrate was counted as described above.

The remaining CH,OH was removed as thoroughly as possible without removing
any soil. The flasks were then placed in a fume hood to allow remaining CH,OH to
volatilize. Soil was transferred to a 20-mL scintillation vial and stored at -20 °C until
further analysis.

| Soils were oxidized using a Biological Material Oxidizer OX-500 (R. J. Harvey
Instrument Corporation, Hillsdale, NJ) to determine the amount of unextractable **C
remaining as a bound residue. Soils were oxidized for 2 minutes at 925 °C and the
“CO, was trapped in Carbon 14 Cocktail (R. J. Harvey Instrument Corporation,

Hillsdale, NJ). Samples were analyzed on a liquid scintillation spectrophotometer as

described above.
Calculations
The cumulative percent of '“C recovered as "“CO, was plotted against time. A

rate of mineralization was determined by taking the slope of the best fit line over the




first 8 days. This time period was chosen as it was long enough to include the slight lag
period seen in a few samples and short enough to capture only the zero-order
mineralization. Rates of mineralization were compared between and within
experiments on SigmaStat® using a one way ANOVA and Fisher Least Significance
Difference Test with an o = 0.05 (Jandel Scientific Software, San Rafael, CA).
SigmaStat® verified equal variances and normal distribution. Log transformations were

performed on the data in order to conduct this verification.

3. RESULTS
Mass Balance

Mass balance was determined by totaling the DPM recovered from CO, traps,
extraction, and oxidation. In the autoclaved treatments, recoveries averaged 137% and
rahged from 125% to 157%. In all other treatments, recovel_'ies averaged 95% and
ranged from 82% to 133%. Within each experiment, there were no signiﬂcant
differences in mass balance among treatments excluding the autoclaved treatments.

Incubation at 22 °C

Mineralization

Root zone soil from alfalfa mineralized propylene glycol fas.ter than soils from all
other treatments except nonvegetated soil. The nonvegetated soil had a higher
mineralization rate than soil from all other treatments except for the legumes. Soil from
trefoil had a higher mineralization rate than soil from all treatments except alfalfa,

nonvegetated, and tall fescue. Of the prairie grasses tested, tall fescue root zone soil




had the highest mineralization rate. All treatments mineralized propylene glycol faster
than the autoclaved soil.

Mineralization was monitored for 28 to 51 days until daily mineralization rates
dropped to 0.4% of the added radioactivity. At this time, 69 to 80% of the radioactivity
had been recovered as “CO, in all treatments except the autoclaved soils where less
than 1.5% of the added radioactivity was mineralized. The first eight days of “CO,
production for selected treatments are shown in Figure 1.

Extractable Products

Between 94 and 99% of the applied **C was detected in the extract of the
autoclaved soils. For all other treatments, 0 to 3.2% of the applied '*C remained in the
extract. The final distribution of the radioactivity is shown in Table II.

Bound Residues

The a_utoclaved soils contained more radioactivity as oxidizable *C than any
other treatment (27 to 36% of the applied radioactivity). Among the other treatments,
between 5 and 15% of the applied “C was recovered as bound residue. Few
treatments had statistically different amounts of radioactivity as bound residues.
However, in general, treatments that had initially higher mineralization rates, such as
the legumes and the nonvegetated soil, had lower recoveries as bound residues.

Incubation at 7 °C
Mineralization
Root zone soil from alfalfa had a higher mineralization rate than any other

treatment. Trefoil soil had the next highest mineralization rate and was statistically




greater than all other treatments except the nonvegetated soil. The nonvegetated soil

had a higher mineralization rate than soils from any of the grasses, but was not
statistically higher than the mixed grass + alfalfa soil. There were few differences
between the mineralization rates of the soils from the remaining grasses. The first eight
days of “CO, production for selected treatments are shown in Figure 2.

When this experiment was terminated on day 64, several treatments were still
mineralizing propylene glycol at rates several times higher than 0.4% per day. By that
time, 26 to 85% of the radioactivity had been recovered as “CO, in all treatments
excépt the autoclaved soils. In the autoclaved soil, less than 1% of the added "C-
propylene glycol was mineralized.

Extractablé Products

Several of the treatments were still actively mineralizing "C-propylene giycol

when they were extracted. More “C was recovered in the extracts from these samples.

- In the autoclaved soil, 120% of the added “C was detected in the extract. For other
treatments, between 1 and 56% of the added *C was detected in the extracts. This
variability is likely due to the difference in mineralizing capacity of the sarﬁples at the
time of termination. The final distribution of the radioactivity is shown in Table IIl.
Bound Residues |

In the autoclaved sample, 36% of the added "*C was recovered in the exfract. In
the remaining treatments, between 6 and 35% of the added **C remained as bound
residue. Again, there was an inverse relationship between the mineralization rates and
the amount of *C recovered as bound residue which was even more pronounced due

to the early termination of the experiment.
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4. DISCUSSION

Plant matter was removed from the soil before'propylene glycol was applied, so
there was no vegetation in the experimental flask. Therefore, differences in
mineralization rates, extractable 1"'C-;}aropylene glycol, ahd bound residues are due to
the differences in the microbial communities that had inhabited the root zone soils of
the plants.

Autoclaved soils mineralized less than 1.5% of the added radioactivity. This
shows that the evolved *CO, observed in the other treatments is due to biotic activity,
not chemical degradation. In these treatments, 52% to 80% of the added radioactivity
was captured as "“CO, indicating that mineralization is the primary route for degradation
of propylene glycol in soil. This is further supported by the soil extract data where, in
the autoclaved treatments, > 95% of the added radioactivity was recovered in the soil
extract. In all the other treatments, almost no radioactivity (<.2.5%) was detected in the
extract. This indicates that most of the **C-propylene glycol was consumed and either
mineralized to "“CO, or incorporated into the soil or microbial biomass in the treatments,
but remained unchanged in the autoclaved soils.

Soil bound residues accounted for 7-13% of the added radioactivity in the
treatments. In the autoclaved soils, 32 to 64% was found. After the extraction process,
not all of the CH,;OH could be removed. Some of the radioactivity detected during the
soil bound residue analysis may have been from combustion of residual CH,OH extract.
This may explain why the soil bound residue values are so high for the autoclaved soils.

Influence of Vegetation
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Soils from the legumes had higher propylene glycol mineralization rates than
soils from the grasses. These rates were not always statistically greater, but there were
no other soils that mineralized propylene glycol significantly faster than soils from the
legume treatments. The nonvegetated soil also mineralized propylene glycol faster
than soils from the grasses. There were few differences in mineralization rates
between the various grass treatments.

While some types of vegetation enhanced initial mineralization rates, they did not
effect the overall extent of mineralization as has been observed by Knaebel and Vestal
(1992). Rice (1996) compared the MTj, (time required for 50% of the applied "“C-
propylene glycol to be transformed to 4C0,) in various rhizosphere soils and also
showed that Iegu.mes enhanced mineralization. Rice found enhanced mineralization
from all rhizosphere soils over the nonvegetated soil; however, the nonvegetated soil in
that study had slower mineralization rates than the nonvegetated soil in the current |
study.‘

influence of Temperature

The temperature of incubation had a definite effect on mineralization rates.
Mineralization rates were higher at 22 °C versus at 7 °C. Increases ranged from 2.2 to
4.2 times greater at the warmer temperatures. This follows general metabolic principles
of higher metabolic activity at higher temperatures within a biological range. Enzyme
activity generally increases approximately two fold with a 10 °C increase in temperature
(Atlas and Bartha, 1993). This does not imply a directly proportional increaée in

metabolism as other factors will influence overall metabolism rates; but for this 15 °C
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rise in temperature, the 2.2 to 4.2-fold increase in CO, production rates is reasonable.
In addition, microbial communities will vary in composition and size with varying
temperatures (Davis-Hoover and Vesper, 1995).

The influence of temperature is of particular interest in the proposed application
of vegetation for reducing runoff of propylene glycol in deicing fluids. Deicing fluids may
need to be applied at temperatures above freezing as supercooling may occur on the
surface of the aircraft (ARCO Chemical Company, 1996). Even chemicals that are
applied at subfreezing temperatures may not be released to the environment until
warmer temperatures and rainfall flush spent deicing fluids from the runways. While
airports in northern regions will experience cold weather for many months in a row,
airports in warmer regions may only need to apply deicers for a few days at a time, or
only for evening flights. Thus, the glycol runoff would enter the environment under
temperatures well above freezing. Deicing fluid runoff is significant in the fall and spring
when water temperatures and microbial metabolic rates are higher than during winter
(Sills and Blakeslee, 1992). |

* Lower temperatures will slow metabolism, but extremely low temperatures may
inhibit-microbial survival. Liquid water and fluid cell contents are required for metabolic
. processes, so survival below the freezing point of water is rare (Atlas and Bartha,
1993). However, glycols are antifreeze agents and their presence may allow microbial
communities to persist and be active at sub-zero temperatures. Riéé (1996) found that
rhizosphere soils inéubated at -10 °C were still able to mineralize ethylene glycol at

significantly greater rates than autoclaved soils at 20 °C.




Rhizosphere Soils

Previous research has shown that rhizosphere soil from several plant species
increased the rate of mineralization of microbial degradation of organic contaminants
(Anderson et al., 1993; Shimp et al., 1993), including propylene glycol (Rice et al.,
1997), compared to nonvegetated soil. There are factors that may explain why similar
results were not seen here. For example, rhizosphere soil is defined as the thin layer of
soil that clings to the roots after the bulk soil has been shaken loose (Atlas and Bartha,
1993), but in this study, a larger section of the soil was investigated. This root zone soil
includes some rhizosphere soil, but also contains (depending oh root growth) some bulk
soil. This additional bulk soil may have diluted the rhizosphere microbial populations.
| Some of the treatment soils may have had a large pércentage of essentially
nonvegetated soil which would explain why few differences were seen between
treatment root zone soils and nonvegetated soils and between the different root zone
soils.

The enhanced mineralization by root zone microbial communities is due to root-
‘soil interactions. Walton et al. (1994) noted that the roots influence the soil physically
and chemically and that soil removed from the root system will not behave the same as
true rhizosphere soil from an intact system. In these experiments, the roots were
removed from the soil so these interactions no longer existed. This may be part of the
reason why mineralization slows down over time. In a real world application, chemicals
would be introduced to plant soil systems and the roots would continue to enhance the

microbial community.
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The vegetation already surrounding most airports may serve to slow water and
chemical movement towards surface waters. This concept is not unlike vegetated
buffer strips, or filter strips, which are plots of vegetated land downstream from
chemical application sites that intercept runoff before it reaches surface waters. They -
have been shown to effectively reduce runoff of organic pollutants (Barton and Davies,

1993; Arora et al., 1996).

5. CONCLUSIONS

Root zone soils from legumes were found to enhance mineralization of propylene
glycol over root zone soils from grasses and nonvegetated soils. All treatments
mineralized propylene glycol faster than autoclaved soils which mineralized almost
none of the applied “C. Much of the applied *C was recovered as “CO,inall
treatments indicating that mineralization is the primary route for propylene glycol
degradation. Few differences in mineralization rates between root zone soils from
grasses and nonvegetated soils or between soils from various grasses were observed.
Even nonvegetated soils may be effective at mineralizing propylene glycol and reducing
the environmental impact of deicing fluids.

Many airports utilize grasses as ground cover around runways. Given the
potential of vegetation to slow water and chemical movement after a rain event, this
strategy should be encouraged at all airports. Some types of \}egetation may enhance
mineralization mé)re than others, but all rhizosphere soils tested in this study were
capable of mineralizing propylene glycol, even at near freezing temperatures. Legumes

can enhance propylene glycol mineralization in.the soil, so interspersing indigenous




grasses with legumes may further reduce propylene glycol concentrations in runoff
waters, thus further reducing the environmental impact of deicing fluids.
ACKNOWLEDGEMENTS
The authors would like to thank Gedrge Cobb and N. Dwight Camper for input on
research and writing, Tom LaPoint for statistical assistance, Cindy McMurry and Chris
Wilson for lab guidance and Patricia Rice and Ellen Arthur for donating *“C-propylene
glycol.
REFERENCES

Anderson, T.A., Guthrie, E.A. Guthrie, and Walton, B.T.: 1993, Environmental Science
and Technology. 27, 2630. |

ARCO Chemical Company: 1996, Arco Chemical Company, Newton Square, PA.

Arora, K., Mickelson, S. K., Baker, J. L., Tierney, D. P. and Peters, C. J.: 1996,

Transactions of the American -Society of Agricultural Engineers. 39, 2155.

Atlas, R.M. and Bartha, R.: 1993, Microbial Ecology: Fundamentals and Applications.
The Benjamin/Cummings Publishing Company, Inc. Redwood City, CA.

Backer, D.S., Smith, D. and Habben, C.E.: 1994, Civil Engineering. 64, 56.
Barton, J. L. and Davie, P. E.: 1993, Australian Forestry. 56, 201.

Bausmith, D.S. and Neufeld, R.D.: 1996, Land treatment of aircraft deicing fluids.

Proceedings of the 69th Annual Water Environment Federation Conference. Dallas, TX.




16

Davis-Hoover, W.J. and Vesper, S.J.: 1995, Microbial Processes for Bioremediation.
3, 329.

Dwyer, D.F. and Tiedje, J. M.: 1983, Applied and Environmental Microbiology. 46, 185.

Kaplan, D.L., Walsh, J.T. and Kaplan, A.M.: 1982, Environmental Science and
Technology. 16, 723.

Kawai, F.: 1995, Applied Microbiology and Biotechnology. 44, 532.
Kiernan, V.: 1995, Technology Reviews. 98,14.

Kiiroy, A.C. and Gray, N.F.: 1992, Environmental Technology. 13, 293.

Klecka, G.M., Carpenter, C.L. and Landenberger, B. D.: 1993, Ecotoxicology and
Environmental Safety. 25, 280.

Knaebel, D.B. and Vestal, J.R.: 1992, Canadian Journal of Microbiology. 38, 643.
McGahey, C. and Bouwer, E.J.: 1992, Water Science Technology. 26,41.

Nitschke, L., Wagner, H., Metzner, G., Wilk, A. and Huber, L.: 1996, Water Resources.
30, 644.

Raja, L.M.V,, Elamvaluthy, G., Palaniappan, R. and Krishnan, R. M.: 1991. Applied
Biochemistry and Biotechnology. 28/29, 827.

Rice, P.J.: 1996, Doctor of Philosophy Dissertation, lowa State University, Ames, lowa.




17

Rice, P. J., Anderson, T. A. and Coats, J. R.: 1997, Evaluation of the use of vegetation
for reducing the environmental impact of deicing agents, in Phytoremediation of Soil
and Water Contaminants, E. L. Kruger, T. A. Anderson, and J. R. Coats, Editors.
American Chemical Society. Washington, D.C. pp. 162-176.

Sabeh, Y. and Narasiah, K. S.: 1992, Water Science Technology. 26, 2061.

Shimp, J.F., Tracy, J. C., Davis, L. C., Lee, E., Huang, W., Erickson, L. E. and Schnoor,

J. L.: 1993, Critical Reviews in Environmental Science and Technology. 23, 41.

Sills, R.D. and Blakeslee, P. A.: 1992, The environmental impact of deicers in airport
stormwater runoff, in Chemical Deicers and the Environment, F.M. D'ltri, Editor. Lewis:
Chelsea, ML. p. 323-340.

Strong-Gunderson, J.M., Wheelis, S., Carroll, S. L., Waltz, M. D. and Palumbo, A. V..

1995, Microbial Processes for Bioremediation. 3, 265.

U. S. Department of Health and Human Services: 1997, Technical report for ethylene

glycol/ propylene glycol, . U.S. Depértment of Health and Human Services.

Walton, B.T., Guthrie, E.A. and Hoylman, A.M.: 1994, Toxicant degradation in the
rhizosphere, in Bioremediation Through Rhizosphere Téchnology, T.A. Anderson and

J.R. Coats, Editors. American Chemical Society: Washington, D.C. pp. 11-26.




Table |. Plants tested for “C-propylene glycol mineralization in root zone soils.

Common Name atin Nam
Legumes ,

O alfalfa Medicago sativa

O birdsfoot trefoil Lotus comiculatus
Grasses

O switchgrass ' Panicum virgatum

O Kentucky bluegrass Poa pratensis L.

O rye grass Lolium perenne L.

O sand dropseed Sporobolus crytandrus

O tall fescue Festuca arundinacea

ixtur

O grass mix : fescue, rye grass, and Kentucky bluegrass
O grass mix + alfalfa : fescue, rye grass, Kentucky bluegrass, and alfalfa

18
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Table ll. Mineralization rates and distribution of *C derived from "“C-propyiene glycol
after incubation at 22 °C.- Distribution is expressed as a percent of the added C
recovered. Values followed by the same letter are not significantly different (o = 0.05).

Treatment Mineralization *CO,  Extractable - Soil-Bound  Mass Balance
‘ Rate

alfalfa 6.5° 76.2 1.2 7.7 85.1
nonvegetated 52% 76.6 2.3 9.5 88.4
trefoil 41 74 1 1.5 10.3 85.8
tall fescue 3.7« 77.8 1.5 8.8 88.2
grass mix 25¢ 74.6 0.4 12.9 87.9
mix + alfalfa 29° 75.3 14 13.1 89.8
switchgrass 2.7° 72.8 1.8 13.2 87.8
bluegrass 22¢ 73.4 2.1 11.0 86.5
rye grass 23° 73.2 0.8 11.8 85.8
sand dropseed 2.4 ° 73.0 2.0 11.3 86.3
autoclaved 0.03° 1.3 96.4 32.6 130.3
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Table Ill. Mineralization rates and distribution of “C derived from “C-propylene glycol
after incubation at 7 °C. Distribution is expressed as a percent of the added "C
recovered. Values followed by the same letter are not significantly different (o = 0.05).

Treatment Mineralization *CO, Extractable  Soil-Bound  Mass Balance
' Rate

alfalfa 3.0° 78.8 1.5 8.4 88.6
nonvegetated 1.3 ° 76.9 6.4 9.3 92.6
trefoil 1.4 % 66.4 16.5 221 104.0
tall fescue 0.9 ¢ 559 254 325 113.8
grass mix 0.7 420 445 23.1 109.7
mix + alfalfa 0.9% 52.7 34.1 20.6 107.4
switchgrass 0.8 ¢ 58.2 21.6 14.9 94.7
bluegrass 0.7% 46.5 35.6 19.0 101.1
rye grass 0.7¢ 45.0 43.2 22.4 110.6
sand dropseed 0.6 °¢ 39.7 45.3 30.2 1156.1

autoclaved 0.01" 0.7 119.9 36.3 156.9




Figure Captions

Figure 1. Mineralization of **C-propylene glycol in selected treatment soils incubated at
22 °C. Error bars indicate one standard deviation of the mean.

Figure 2. Mineralization of *“C-propylene glycol in selected treatment soils incubated at
7 °C. Error bars indicate one standard deviation of the mean.
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APPENDIX 3. The use of aquatic plants to remediate surface waters contaminated

with aircraft deicing agents
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THE USE OF AQUATIC PLANTS TO REMEDIATE SURFACE WATERS
CONTAMINATED WITH AIRCRAFT DEICING AGENTS

A paper to be submitted to Environmental Toxicology and Chemistry

Patricia J. Rice!, Todd A. Anderson} and Joel R. Coats'

Abstract The purpose of our research was to evaluate the use of aquatic vegetation to
enhance the transformation of ethylene glycol and propylene glycol in contaminated surface
v&aters. The mineralization of [“C]JEG and ["C]PG in sterile control soil, nonvegetated soil,
and soil containing Scirpus fluniatilis, Scirpus acutus, and Scirpus validus were determined.
Elevated levels of “CO, in whole-plant systems indicate accelerated mineralization in the
vegetated treatments compared to the nonvegetated and sterile control soil samples. After a
7-d incubation period, aquatic macrophytes enhanced the mineralization of [“C]PG by 11% to
19% and ["“C]EG by 6% to 20%. Less than 8% of applied radiocarbon was detected in the
plant tissues, with the majority of the “C recovered in the roots. Artificial wetland and
shallow storage basins cultured with aquatic macrophytes may be valuable for treating airport
and air base runoff, thus reducing the biological oxygen demand and glycol concentrations in

receiving waters.

Keywords- Phytoremediation  Aircraft deicers Aquatic emergent plants
Ethylene glycol Propylene glycol

"Pesticide Toxicology Laboratory, Iowa State University, Ames, IA 50011
1The Institute of Wildlife and Environmental Toxicology, Clemson University, Pendleton, SC
29670
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INTRODUCTION -

Over 43 million L/yr of aircraft deicing-agents are used nationwide to remove ice and
snow that accumulate on aircraft and airfield runways. Aviation deicing-fluids used in North
America primarily consist of ethylene glycol (EG) and/or propylene glycol (PG) with a
minimal amount of additives [1]. During a deicing event, the majority (>80%) of the fluid
spills to the ground, ultimately causing on-site pooling, soil infiltration, runoff, and
contamination of soil, surface water and groundwater aquifers [1-3]. Airport storm-sewer
systems may collect runoff and directly release untreated wastewater into streams and rivers
[1-3]. Sills at}d Blakeslee [1] reported airport runoff and storm-sewer discharge to contain
concentrations of EG ranging from 70 mg/L to > 5,000 mg/L . Ethylene glycol and
propylene glycol contamination of surface waters creates a high biological oxygeri demand
(BOD) that can adversely impact aquatic communities. Depletion of available oxygen in
surface waters has resulted in asphyxiation and death in aquatic organisms [1,2].

Wetland plants may also be utilized to remediate contaminated water and soil. Like
terrestrial plants, aquatic macrophytes are capable of taking contamin;mts up in their tissues
and of enhancing biodegradation in the rhizosphere. Aquatic plants have an adaptation that
enables efficient translocation of oxygen from the shoots to the roots, thereby forming
oxidized microzones in a saturated anaerobic environment [4,5]. The rhizosphere of an
emergent aquatic macrophyte is more conducive for microbial growth (aerobes and facultative
anaerobes) and activity than saturated root-free soil, thus creating a better environment for
enhance biodegradation. Within the past fifteen years, aquatic macrophytes have been utilized
for wastewater treatment. Wetland plants have been shown to reduce nutrients, organic
contaminants and BOD from industrial, municipal, and agricultural wastewater [S-10].
Gersber et al. [7] observed that aquatic emergent macrophytes, bulrush (Scirpus validus),
common reed (Phragmites communis), and cattail (Typha latifola) reduced the BOD and
ammonia levels in primary effluents. The artificial wetland beds cultured with S. validus were
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superior to the other vegetated and nonvegetated beds. S. validus had reduced the BOD
level in the primary wastewater inflow from 118 mg/L to 5.3 mg/L. Reddy et al. [6] also
noted emergent and floating aquatic macrophytes were able to ixﬁprove sewage effluent by
decreasing the BOD and increasing the concentration of dissolved oxygen. The purpose of
our research was to evaluate the use of aquatic vegetation to enhance the transformation of

éthylene glycol and propylene glycol in contaminated surface waters.

MATERIALS AND METHODS

Chemicals

| Ethylene glycol (EG) and propylene glycol (PG) were obtained from Fisher Scientific
(Fair Lawn, NJ) and Sigma Chemical Company (St. Louis, MO). The radiolabeled compounds
ethylene glycol-1,2-“C ([“C]JEG) and uniformly labeled propylene glycol ([“C]PG) were
purchased from Aldrich Chemical Company (Milwaukee, WI) and New England Nuclear-Dupont
(Boston, MS). Upon receipt, the [“C]EG and [“C]PG were diluted with ethylene glycol and
propylene glycol to yield a stock solution of 0.277 uCi/ul and 0.247 uCi/pl, respectively.

Plants and soil
 Pesticide-free soil used in this investigation was collected from the Iowa State

University Agronomy and Agricultural Engineering Farm near Ames, (Boone County) Towa.
The soil was randomly removed from the field with a golf-cup cutter (10.5 cm x 10 cm,
Paraide Products Co.). Ten samples were combined for each replicate. Each of the three
soil replicates were sieved (2.0 mm) and analyzed (A&L Mid West Laboratories, Omaha,
NE) to determine the physical and chemical properties. The soils were stored in
polyurethane bags in the dark at 4 °C until needed.

Roots of aquatic emergent plants were purchased from V & J Seed Farms
(Woodstock, IL), and some plants were collected from a small lake and shallow ditch located
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in Story County, Iowa. The three plant species utilized in this study were hard-stem bulrush
(Scirpus acutus), soft-stem bulrush (Scirpus validus), and river bulrush (Scirpus fluniatilis).
Upon amva.l, the roots were separated by species and planted in glass aquaria containing
pesticide-free soil. These plants were grown in saturated soils and maintained in a greenhouse
at 25 °C + 2 °C with a 16:8 light:dark diurnal cycle. Several months later, after the plants had
developed healthy root systems, small root masses or rhizomes from each plant species were
individually planted into 250-ml glass jars with pesticide-free soil corresponding to 100 g of
dry weight. Each jar was covered with tape to eliminate light in an attempt to deter algal
growth and photodegradation of the ['“C]ethylene glycol and [“C]propylene glycol in the
saturated soils. Nonvegetated control samples were set up identically to the vegetated soil
and were maintained under the same environmental conditions. After six weeks, tﬁe
vegetated and nonvegetated samples were placed in the exposure chamber (described below)
and acclimated for 48 h. Often more than one plant emerged from a rhizome. When this
occurred, the healthiest plant under 17 cm in length was chosen and the remaining shoots
were cut below the water surface. Sterile control soils were autoclaved (1 h on 3 consecutive

days) no more than three days prior to the treatment.

Soil-plant .syste}ns

Special incubation flasks were used to monitor the fate of [“C]EG and [“C]PG in the
aquatic macrophyte whole-plant system (Fig. 1). The apparatus for this system was modified
from Anderson and Walton [11] and Federle and Schwab [12]. Just prior to the glycol
treatment, water was removed from each incubation flask to adjﬁst the water level to 1 cm
above the soil surface. A 3-ml plastic vial, containing 2 ml 0.01 M NaOH for trapping “CO,,
was suspended inside each jar. After application of either 1,000 pg/g [“C]JEG or 1,000 pug/g
[“C] PG to the water layer, the soil-plant systems were sealed around the aquatic

macrophytes by using split rubber stoppers and RTV sealant [11]. Each stopper contained
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Fig. 1. Apparatus used to measure the fate of ['“C]ethylene glycol and [“C]propylene glycol
in the aquatic emergent whole-plant system.
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two additional openings from which the “CO, trap was changed and sterile water was added
to replace the moisture lost through transpiration. These openings were closed with two
smaller rubber stoppers. Deionized water (100 g), in a similar apparatus, was also treated
with 1,000 pg/g [“CJEG or 1,000 pg/g [“C] PG. Between three and five replicates of each
soil treatment (water_, sterile éontrol soil, nonvegetated soil, and vegetated soils) was
included in the [“C]EG and [“C]PG experiments. Both the [“CJEG and [“C]PG studies
were conducted for 7 d.

After every 24-h interval, the “CO, traps were changed to prevent saturation of the
0.01 M NaOH and to maintain aerobic conditions within the soil-plant system. Each
vegetated incubation jar was weighed to determine if water (sterilé) was need to replace
moisture lost through transpiration. The full content of each “CO, trap was radioassayed
on a RackBeta model 1217 liquid scintillation counter (Pharmacia LKB Biotechnology, Inc.,

Gaithersburg, MD).

Exposure chamber

All the incubation ﬂésks were placed in a glass exposure chamber that was modified
from Anderson and Walton [11] (Fig. 2). Air within the glass chamber was constantly
replaced by two pumps located on either side of the chamber. Each pump was set on
alternating 15-min. cycles. Air evacuated from the chamber was bubbled through a 100ml
0.1 N'NaOH trap and a 100-mi Ultima Gold scintillation cocktail trap (Packard Instrument
Co., Downer’s Grove, IL). The 0.1 N NaOH and scintillation cocktail were used to capture
any “CO, and volatile “C-glycol or “‘C-metabolites that were released into the chamber with
the evapdtranspiration stream. The glass exposure chamber was contained in an
environmentally controlled room at 25 °C + 1 °C with a 14:10 light:dark cycle. The

temperature within the chamber was maintained at 26 °C £ 1°C. At the completion of the
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study, subsamples of the 0.1 N NaOH and scintillation cocktail traps were radioassayed on a

liquid scintillation counter.

Soil and plant tissue analysis for C

Upon completion of the 7-day study, the soil was extracted 3 times with 30 m!
methanol. Subsamples of the soil extracts were analyzed on a liquid scintillation counter to
determine the percent of extractable C remaining in the soil. Subsamples of crushed and
homogenized air-dried extracted-soils were combusted using a Packard sample oxidizer.
Radiolabeled carbon dioxide from the combusted soils was trapped in Carbo-Sorb E and
Permafluor V (Packard) and radioassayed on a liquid scintillatioﬁ counter to determine the
amount of “C-soil bound residue. Roots and shoots were analyzed separately. |

Plant tissues were combusted on a Packard sample oxidizer (Packard Instrument Co.)
and radioassayed on a liquid scintillation counter (Pharmacia LKB biotechnology, Inc.,
Githersburg, MD) to determine the quantity of “C associated with the plants. The mass
balance for the soil-plant system (“CO,, “C-extractable organics, “C—soil-bound organics, and
14C in the plant tissues) was determined for each sa;nple (Table 1). Analysis of variance and

LSD (5%) were used to determine the significant differences between the treatments [13].

RESULTS

Mineralization of [!CJEG and [“C]PG

Analysis of the CO, traps from the aquatic emergent whole-plant degradation studies
indicate significantly (p<0.05) greater quantities of 1“CO, was evolved from the vegetated soils
compared to either the sterile control or the nonvegetated soils (Fig. 3 and Fig. 3). Aftera7-
d incubation period, 45.6%, 32.6%, and 32.3% of applied [CJEG mineralized in the S.
validus, S. acutus, and S. fluniatilis soil-plant systems (Fig. 3). Production of “CO, was
elevated by approximately 6% to 19% in the vegetated soil. Significantly (p<0.05) greater
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mineralization was also noted in the nonvegetated soil compared to the sterile control soil.
Minimal quantities of “CO, was evolved from the water samples. Biologically active soils
transformed 3% to 14% of the applied [“CJEG to CO, within the first 24 h.

Enhanced mineralization was ‘also observed in the vegetated soils treated with
propylene glycol (Fig. 4). Significantly (p<0.05) greater quantities of [“C]PG was
transformed to “CO, in soil containing S. Sluniatilis and S. acutus than in either the
nonvegetated and or the sterile control soil. “C':O2 production was elevated 10.8% to 18.7%
in these vegetated soils compared to nonvegetated soil. Comparable amounts of “CO, was
evolved from the S. validus and nonvegetated soil samples. A comparison of [“C]JPG and
[“CJEG mineralization in identical soil-plant systems indicate increased (p<0.05) production
of “CO, in the nonvegetated, the S. acutus, and the S. fluniatilis soil samples treated with
[“C]PG compared to [“C]EG (Table 1). Transformation of [“C]PG and [“C]JEG to “CO,

was comparable in the sterile control and S. validus soil.

Soil analysis for C
Analysis of soil from each [“CJEG and [“C]PG whole-plant study indicates

. significantly (pSO.IOS) greater quantities of soil-bound C was detected in the biologically
active soﬂ than the sterile control soil (Table 1). In sterile soil, 6.0% and 9.6% of the added
[“C]PG and [“CJEG were bound, compared to 20.4% and 13.6% “C bound in S. fluniatilis
soil, respectively. Nonvegetated soils were also observed to contain increased levels of bound
radiocarbon. Among the five [“C]EG soil treatments evaluated, apparent detection of "C soil
residues was greatest to least for nonvegetated>sS. Sluniatilis=S. acutus=S. validus>sterile
control soil. In contrast, significantly (p<0.05) larger quantities of extractable 1C were
observed in the sterile control soils; approximately 98% and 77% of applied [“CJEG and
[“CJPG was detected in the methanol soil extracts, respectively; No significant difference was
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observed between the [“CJEG or [“C]PG nonvegetated and vegetated soil extracts. Less
‘than 21% of applied [“C]JEG was detected in the extractable portions in the vegetated soils.

Uptake of 1*C into plant tissue

Recovery of applied radiocarbon in the three plant tissues ranged from 4.58% to
7.08% for EG and 3.61% to 6.09% for PG in the tested soil-plant systems (Table 1). Plant
roots consistently contained more “C than plant shoots (Fig. 5). Greater than 70% of the
recovered radiocarbon from ["“CIEG was detected in association with the roots. Air
evacuated from the test chamber contained small quantities of radiocarbon. A comparison of
plant species in the [“C]JEG and [“C]PG studies indicated significantly (p<0.05) greater
quantities of “C in the tissues of S. fluniatilis than S. acutus. Percentages of radiocarbon
recovered in plant tissues of the [“C]JEG whole-plant studies were elevated, but not
significantly different than in the [“C]PG treated samples. The form or identity of “C within

the plant tissue was not determined.

DISCUSSION

Our results clearly indicate aquatic emergent plants significantly (p<0.05) enhanced
mineralization of aircraft deicers (EG and PG) in surface water systems. Soils containing S.
Jluniatilis, S. acutus, and S. validus increased (p<0.05) the transformation of [“C]EG to
“CO, compared to nonvegetated soils. Enhanced degradation of [“CJPG also occurred in the
S. fluniatilis and S. acutus soil samples, but “CO, production was comparable in the S.
validus and nonvegetated soils.

Dissipation of ethylene glycol and propylene glycol from surface water was primarily a
result of mineralization rather than uptake into plant tissues (Table 1). At the completion of
the studies, 43% to 61% of applied ['“CJPG mineralized from the soil-plant surface water

system as compared to less than 7% of applied radiocarbon taken up into plant tissues.
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Aquatic emergent plants can enhance microbial remediation of contaminated water and soil by
enhancing degradation in the rhizosphere soil and taking contaminants up in their tissues. In
addition, these aquatic macrophytes create a more conducive environment for microbial
growth and activity than saturated root-free soil, due to the translocation of oxygen from the
shoots to the roots by aerechyma cells [4,5]. Previous research has shown that artificial
wetlands containing S. validus and S. acutus significantly reduced BOD, NH,-N, and NO,-N
[7,14] |

The majority of C recovered in the plant tissues was associated with the roots.
Radiocarbon detected in plant roots may be a result of uptake or adsorption of C to the
roots. We believe C was primarily due to uptake since EG and PG are small polar
compounds, and “C was detected in shoots and evacuated air from the test chamber,
indicating that radiocarbon was translocated from the roots to the shoots.

In addition, significantly greater (p<0.05) quantities of 'C soil-bound residues were
found in the biologically active soils compared to the sterile control soils. This increased
radiocarbon was a result of EG and PG mineralization. Lokke [15] reported ethylene glycol
will not adsbrb fo'soﬂ. He 6bserved véfy little to no adsorption of this glycol in saturated soil
columns that contéined subhorizons of élayey till, sandy> till, and melt water sand. Therefore,
glycol-based deicers in surface water and soil water are more bioavailable for microbial
degradation and plant uptake. Several genera of bacteria have been reported to utilize
ethylene glycol as a carbon and energy source [16,17]. As microorganisms metabolize
ethylene glycol and propylene glycol, they incorporate a portion of the C into their cell
constituents. Therefore, significantly lower levels of soil-bound radiocarbon in the sterile soils

were a result of decreased microbial activity.
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CONCLUSION
Results from this study clearly indicate aquatic emergent plants enhanced the
mineralization of glycol-based deicers in surface waters. Artificial wetland and shallow
storage basins cultured with aquatic macrophytes may be useful for treating airport runoff,
thus reducing the BOD and glycol concentrations in receiving waters. In addition this
management approach is beneficial due to the low cost and easy maintenance of the system.
Remediating airport wastewaters prior to its discharge into nearby surface waters will reduce

the environmental impact of deicers on aquatic ecosystems.
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Abstract - The purpose of this investigations was to evaluate the influence of vegetation on
the mobility of aircraft deicing-fluids through the soil profile and their potential to leach to
groundwater. Undisturbed soil columns were planted with alfalfa F(Medicago sativa) or rye
grass (Lolium perenne L.) to assess their potential to reduce the infiltration of propylene
glycol (PG). Propylene glycol was applied to the surface of the nonvegetated, M. sativa, and
L. perenne soil column and leached daily with deionized water. Leachates were collected at
the bottom of the columns and analyzed to determine the quantity of propylene glycol and
potential degradation products that leached through the soil. The vegetated soil columns
reduced the infiltration of propylene glycol through the soil profile. These results suggest
plants can reduce the mobility of glycol-based deicing fluids in the soil and minimize its

potential to leach and contaminate groundwater.
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INTRODUCTION

There is a growing concern about the quantity of aircraft deicing agents that migrate
offsite and inadvertently contaminate the soil and water environments. Propylene glycol (1,2-
propanediol) is widely used in aircraft deicing agents and vehicular #nﬁﬁeeze. Type I deicers
that are commonly used in North America consist of a minimum of 80% glycol by weight,
primarily ethylene glycol (EG) or propylene glycol (PG). Under FAA regulation, deicing
agents must be used to remove and prevent ice and frost from accumulating on aircraft and
airfield runways. As a result, over 43 million liters of aircraft deicing products are used each
year nationwide [1]. During severe storms, large planes may require thousands of gallons of
deicing-fluids per deicing event. An estimated 80% of the fluids spill onto the ground,
ultimately causing on-site pooling, soil infiltration, runoff, and contamination of soﬂ, surface
water and groundwater aquifers [1-3]. Ethylene glycol has been detected in groundwater at
415 mg/L [1] and 2,100 mg/L [4].

Vegetation can enhance the removal of man-made organic compounds and pollutants
in soil environments by microbial degradation in the rhizosphere and plant uptake [5,6].
Increased diversity and biomass of microbial communities in the rhizosphere render this zone
“better for degradation of organic pollutants. Previous research has shoﬁm enhanced
degradation of industrial chemicals (trichloroethylene [7], polycyclic aromatic hydrocarbons
[8]), and petroleum [9] in rhizosphere soil compared to root-free soil. Anderson and Walton
[10] studied the fate of ['*C]TCE in soil-plant systems collected from a contaminated site.
They reported 1 to 21% of the recovered radiocarbon (depending on the plant species) was
detected in the plant tissues, particularly in the roots. Vegetation may play a vital role in
reclaiming polluted ecosystems and preventing further contamination by enhancing
degradation and uptake into tissues, thereby reducing ﬁﬁgration to surface waters and

groundwater aquifers.
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The purpose of this research was to evaluate the influence of vegetation on the
movement and leaching potential of propylene glycol through the soil profile. High
concentrations of propylene glycol were applied to nonvegetated and vegetated undisturbed

soil columns to mimic the quantities of glycols detected in airport runoff.

MATERIALS AND METHODS

Column study

* Undisturbed soil columns (15 cm diameter x 38 cm length) were obtained from an
agricultural field site (no pesticide history) near Ames, IA. The procedures for collection and
removal of the columns were previously described by Singh and Kanwar [11]. Columns were
stored in the dark at 4 °C until needed. Additional soil samples were collected at the same
depths as the column, and soil physical and chemical properties were determined (Table 1).

Soil columns were prepared for laboratory studies as described by Singh and Kanwar

[11]. Four soil columns (2 each) were planted with alfalfa (Medicago sativa) or rye grass
(Lolium perenne L.) (Fig. 1). Nonvegetated and vegetated columns were maintained in a
greenhouse (25 °C, 16:8 light:dark) for 4 months to allow sufficient growth of the plants.
Water was added to the columns as needed. Roots of M. sativa and L. perenne were
observed through the clear perforated plexiglass bottom of the columns. This indicates M.
sativa and L. perenne roots were established through the length of the columns. Following
the four month growth period, soil columns were saturated with 0.005 M CaSO . [11] then
drained to field capacity. Two 200-mL quantities of deionized water were leached through
the columns and analyzed on a gas chromatograph equipped with a flame ionization detector
(GC-FID). These leachates were considered to be background samples. A KBr tracer was
applied to the soil surface and leached through the soil columns with deionized water.
Breakthrough curves were determined for each column by analyzing the quantity of bromide

ion with a bromide-specific electrode.
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Fig. 1. Vegetated undisturbed soil column used to study the influence of plants on the
mobility of aircraft deicers through the soil profile.
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Soil columns were moved to an incubator set at 25 °C, and the temperature was slowly
decreased (approximately 3 °C/24h) to 10 °C to represent spring conditions. Soil columns
were maintained at 10 °C with a 16:8 light:dark cycle for 96 h prior to the treatment to ensure
the plants had acclimated to this temperature. During this 96 h time period, soil columns were
leached with 400 ml deionized water.

Propylene glycol (Fisher Scientific, Fair Lawn, NJ) solution (1.76 ml PG/ 364 ml
water) was applied to the soil surface. Twenty-four hours after the treatment, soil columns
were leached with 400 ml deionized water daily. Water was applied to the columns in four
100-ml increments. This caused a temporary pooling of water each time, which was meant to
represent a runoff situation. Leachates were collected at the bottom of the columns and
mﬂyzed ona GC-FID[12]. Soil columns were leached daily until the level of PG was below
the detection limit. Peak heights were used to construct a calibration curve and quantitate the
samples. The data will be statisticaﬂy analyzed by using analysis of variance and least
significant differences at 5% [13]. '

Analysis of Br-witha bmmide-.spebiﬁc eIecM '

Following the addition of thé KBr tracer, columns were leached with deionized water
and leachates were collected and measure;i for Br- using a bromide-specific electrode attached
to a pH meter (Fisher Scientific, Pittsburgh, PA). Br- standards were prepared with KBr,

‘deionized water, and 5 M NaNO, (ionic strength buffer). Calibration curves were

constructed from the standards and used to determine the sample concentrations.

RESULTS AND DISCUSSION
Propylene glycol was detected in the leachates of all the soil columns studied (Fig. 2).
The greatest PG concentrations occurred within the first two leaching events then gradually
decreased until PG was not detectable after 18 d. Approximately 51 to 71% of the recovered
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PG was detected in the leachates within 5 d. Movement of PG through the soil profile
depends on its properties and adsorptive characteristics, soil characteristics, soil temperature,
and the quantity and frequency of runoff or precipitation [14]. Ethylene glycol, a compound
similar in structure to propylene glycol, does not adsorb to soil. Lokke [12] reported little or
no adsorption of EG to sandy till, muddy till, or clayey soils. Propylene glycol is water
soluble and appears to be mobile within the 38 cm soil profile. Our results indicate vegetation
reduced the quantity of propylene glycol that moved through the soil profile (Fig. 3).
Measured quantities of 93.3 mg, 75.4 mg, and 75.6 mg of propylene glycol were detected in
leachates of nonvegetated, M. sativa, and L. perenne soil columns, respectively. Plants can
decrease the concentration of PG in soil and reduce its movement‘ through the soil profile to
groundwater by plant uptake, enhanced degradation in root-associated soils, and réducing the
soil water status [5]. Our results from previous studies (Chapter 2 of the thesis) have shown
enhanced degradation of PG in the M. sativa and L. perenne rhizosphere soils compared to
nonvegetated soil. Results from the current investigation showed a 4 to 8% decrease in the
quantity of water that leached through vegetated soil columns relative to the nonvegetated soil
column. 0verail, vegetation can reduce the downward movement and leaching of propylene
glycol through thg soil profile. This implies vegefation can be planted alongside deicing areas
and runways to help ‘minimize the qué.ntity of aircraft deicing agents that reach the

groundwater.
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Chapter 7

Mobility and Degradation of Pesticides and Their
Degradates in Intact Soil Columns

Ellen L. Arthur, Patricia J. Rice!, Pamela J. Rice?, Todd A. Anderson’,
and Joel R. Coats

Pesticide Toxicology Laboratory, Department of Entomology, Iowa State University,
Ames, JA 50011-3140

Laboratory studies were conducted to determine the mobility of parent
pesticides and degradation products through the use of large undisturbed soil
columns. The influence of vegetation on the mobility of pesticide adjuvants
was also investigated. Modifications to the laboratory setup of soil columns
for studying various pesticides, degradation products, and adjuvants were
done to fit the needs of the particular compound being studied. To improve
mass balances of volatile parent compounds, such as methyl bromide, as well
as biodegradable (mineralizable) pesticide degradation products such as
deethylauazine, modifications of columns to accommodate isolation of volatile
degradation products were accomplished by enclosure of the column head
space and use of flow-through systems. Evidence of preferential flow of
atrazine, deethylatrazine, metolachlor, and methyl bromide were indicated by
the presence of either the *C-compound or Br- (in the case of methyl bromide-
applied soil columns) after the first leaching event. Diffusion through the soil
matrix was also evident with a peak of *C in the leachate several weeks after
pesticide (or degradate) application to the soil column. Deethylatrazine, a
major degradate of atrazine, was more mobile than the parent compound.
Vegetation had a significant positive effect on reducing the mobility of the
adjuvants propylene glycol and ethylene glvcol.

The fate of any pesticide in the environment is important to understand because of any potential
detrimental effect; thus the environmental chemistry and environmental toxicology of a pesticide
are inextricably linked. Similarly, the environmental fate of a pesticide encompasses both the

;Currem address: American Cyanamid Company, P.O. Box 400, Princeton, NJ 08543-0400.
3Currcnt address: U.S. Department of Agriculture, ARS-NRI-ECL, Beltsville, MD 20705.
Current address: Texas Tech University, Lubbock, TX 79409.
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movementand transformation of the compound. There is an interdependent linkage between
these two processes: (1) the transformation products have mobilities that differ from the
parent molecule, and (2) conversely, the mobility of a compound can have great impact on
the transformation processes since the location of a molecule influences the types and rates of
transformations that occur. |

. Depending on their structure and physicochemical properties. soil-applied pesticides
can move through runoff, leaching, volatilization, uptake into plants or microbes. or adsorption
to the soil matrix. The conditions at each site are different, and the various agents that act
upon the pesticide molecule can effect different types of transformations. The transformation
products are typically degradates, although occasionally other types of ransformations occur.
such as conjugations, rearrangements, dimerizations, or isomerizations. The toxicological
significance of any transformation product obviously needs to be considered for each
compound. Recently there has been a realization that pesticide degradates are sometimes as
important or more important than the parent pesticide in environmental settings. Although
only a small minority of transformation products are of toxicological significance, serious
consideration must be given to their formation mechanisms, quantities present, persistence,
and mobility in the environment.

Investigations that focus on soil incubations, plant metabolism. or other component-
based experiments have several distinct advantages, such as closely controlled environmental
variables, low space requirements, and low cost per experimental unit which allows for more
treatments and more replication. On the other hand, there are several shortcomings of very
specific laboratory experiments, especially the lack of realistic environmental conditions
variability and the scale. Research on larger scales, including field plots, fields, watersheds, or
regions allows ample realism in conditions; variability, and scale, but such research has obvious
limitations in investigators’ capacity to control the variables such as climate; also, the costs of

research are much higher at the larger scales. :

Lysimeter research, as presented in this volume, represents a concept that optimizes
the process of evaluating the environmental fate of pesticides. It incorporates many of the
advantages of the laboratory approach, but retains essential elements of the realistic conditions
encountered in the field. The scale is midway between the lab and the field. allowing for
adequate replication, excellent sensitivity through the use of radiotracers, and manageable
costs, but it also takes advantage of an intact soil monolith and natural weather conditions.

Utilization of intact soil columns for studying environmental fate of pesticides has some
of the same advantages as the lysimeter concept. These are field-collected but studied under
laboratory conditions. There are. of course, trade-offs once again. but they have one important
advantage in common with the lysimeters. They provide an integrated evaluation of a’
compound’s persistence, binding, degradation, and mobility in one experimental unit.

Laboratory mobility studies are often carried out using soil columns that have been
created by packing sieved soils from various soil profiles into a PVC pipe or other cylindrical
container. Pesticides applied at the surface move through the column with simulated rainfall.
Pesticides or degradation products that are able to move by diffusion through the soil matrix
along with water are retrieved at the bottom of the column. Concentrations are often measured
by either gas chromatography (GC) or radiotracer techniques. The use of packed soil
columns does not take into consideration the natural formation of macropores such as those
created by plant roots or earthworm channels, and, thus, the contribution of preferential flow
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from rapid movement of the pesticides through such channels can not be determined. Czapar
etal. (1) compared mobilities of alachlor, cyanazine, and pendimethalin in soil columns with
and without artificial macropores. These herbicides were detected in leachates from only
those columns with continuous macropores, and they state that leaching studies that use packed
soil colurnns may underestimate herbicide mobility. With the use of undisturbed soil columns in
laboratory studies, one can obtain a more realistic understanding of parent pesticide and
degradation product mobility under less variable conditions than in the field. Maintaining the
integrity of naturally occurring macropores allows for not only measurement of the mobility of
compounds due to diffusion through the soil matrix, but also mobility due to preferential flow
of compounds with water.

Methods for acquiring and setting up large undisturbed soil columns for studies
conducted in this laboratory were modified from (2), who had used such methods to investigate
solute transport through macropores in large undisturbed soil columns. The earliest studies in
our laboratory using this method were conducted to determined the mobility of atrazine and
major degradation products (3). In earlier fate studies of atrazine, volatility and evolution of
CO, from its degradation were reported to be minimal (4.5). thus completely enclosing the
headspace of the columns for this study was not necessary.

For a deethylatrazine mobility study (6), the soil column set up was modified to enable
trapping of “CO, in order to improve the mass balance of '“C-deethylatrazine applied to the
column. Evolution of the modification of the soil column continued with the study of metolachlor
mobility (7). A preliminary study indicated a poor mass balance, and, thus, modification to
make the system completely enclosed was carried out. A flow-through system was incorporated
into the study so that the column was never opened to the atmosphere. Aerobicity was
maintained, however, through a port that contained a charcoal trap to allow for air exchange
while trapping organiic “C that was generated from metolachlor degradation. In the mobility
study of highly volatile methyl bromide (8), additional modifications to soil columns were
undertaken. Instead of adding another separate section to the top of the soil column, a continuous
PVC pipe was used, thus eliminating the seam between the column and the head space.
Additionally, a charcoal trap was suspended in the column to trap methy! bromide that volatilized
above the soil. ' '

The influence of vegetation on the mobility of pesticide adjuvants was also investigated.
For these studies, undisturbed soil columns were either seeded with alfalfa or rye grass or left
unvegetated. During the establishment of vegetation. soil columns were maintained under
controlled temperature and lighting conditions for 4 months, with water added to the columns
asneeded. After sufficient growth of plants had been achieved, as noted by the observation
of roots at the bottom of the columns, adjuvants were applied to the soil. and a leaching study
was begun.

Fate Studies in Intact Soil Colum_ns

Mobility and Degradation of Atrazine. The fate of atrazine was determined in a laboratory
study using large undisturbed soil columns taken from a field with no previous pesticide history
(3). Intact soil columns were obtained from a field with no previous pesticide history at the
Iowa State University Agronomy and Agricultural Engineering Farm, Till Hydrology Site, near
Ames, IA. Inorder to obtain the undisturbed soil columns, a circular trench 70 cm deep was
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dug by using shovels, leaving asoil pedestal of approximately 40 cm in diameter in the middle
of the trench. ‘A furnace pipe measurmg 15 cm in diameter and 60 cm tall was pressed gently
into the top2to3 cm of the soil pedestal. and soil was carved away at a depthof 5t0 10cm
in the same diameter as the furnace pipe before pushing the pipe further into the soil. In this
way, compaction was avoided within the soil column. Physical and chemical characteristics of
soils throughout the profile were determined (A & L Midwest Laboratory. Omaha) on
subsamples of soils taken during column extraction.

Laboratory Preparation. In the laboratory, soil columns were prepared for laboratory
experiments (Figure 1A). A polyvinyl chloride (PVC) pipe. measuring 20 cm in diameter and
60 cm in length, was centered around the soil column and the space was filled with molten
parafin wax to prevent boundary flow along the outer edges of the columns during the leaching
study (9). Prior to this step, the vertical surfaces of the soil columns were sealed with Plasti-
Dip® spray (P.D.L, Inc., Circle Pines. MN) to prevent parafin from penetrating the soil column.
Analuminum collar (15 cm tall) was fixed around the top of the soil column to prevent leachate
from spreading over the wax during the leaching study. Once the wax was cooled and hardened.
the bottom 1 cm of soil was removed, and a wire screen was placed in contact with the
bottom of the soil column. A perforated Plexiglas™ plate (20-cm diameter) with six metal
washers glued to it was mounted on the bottom of the PVC pipe. The washers served as
spacers between the screen and the plate to prevent air locks and to assure continuous flow of
leachate during the leaching study. ,

In order for the soil moisture of replicate columns to be equivalent at the beginning of
the study, columns were saturated with 0.005 M CaSO, (2). This solution was chosen for soil
saturation as its characteristics more closely resemble those of soil pore water than would
ultrapure water. Each'column was placed in a large metal garbage can, and CaSO, solution
was added until columns were completely submerged. - This submersion was done at a slow
rate so that no air would be trapped within the soil column. with complete saturation
accomplished overa 48-h period. Soil columns were then mounted in stands in a temperature-
controlled room held at 25 °C and allowed to drain to field capacity. Ultrapure water was
added to the top of each soil column and was then collected at the bottom to obtain a background
leachate sample. A chloride tracer was applied to the top of the soil columns. which were then
leached with ultrapure water to verify their performance (9). A qualitative comparison of the
precipitate, arising from the drop-wise addition of 1 M AgNO, to the leachate. was made with
background samples to ensure that the amount of chloride in the leachate was above the
background level found normally in soil.

Soil Treatment. A solution was prepared with a mixture of Aatrex Nine-0® and [U-
ring-"C]ATR (98.2% radiopurity; Novartis Crop Protection, Greensboro, NC) dissolved in
deionized water. Each column was applied with ATR at a soil concentration of 2.24 kg
(active ingredient) per hectare and radioactivity level of 15 uCi of “C. The atrazine treatment
was incorporated into the top 2 cm of soil. To minimize evaporation, the top of each soil
column was covered loosely with aluminum foil. No attempt was made to trap for CO,, since
a previous soil metabolism study in this laboratory indicated minimal mineralization of ATR
(<1%) in soil the same field plot (4).
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Leaching Study. So that mobility of not only the parent compound but also degradation
products could be determined, a leaching study was not begun until three weeks after ATR
treatment to allow for degradate formation from ATR. Soil columns were then leached weekly
for 12 weeks with 3.8 cm of simulated rain (a quantity chosen to represent comparable rainfall
amounts received during the spring in Iowa). The quantity of radioactivity recovered in leachate
each week was determined by radioassaying subsamples of leachate by using liquid scintillation
techniques.

Soil Extractions and Analyses. Following the leaching study. soil columns were cut
into 10-cm increments. Subsamples from each depth (50-g dry weight) were extracted three
times with 150 ml methanol/water (9:1), with an extraction efficiency for ATR of 100%. The
extract was partitioned with dichloromethane, and subsamples of the concentrated organic
fraction were radioassayed and used for thin-layer chromatography and autoradiography to
determine the proportions of ATR and degradates. To determine the quantities of unextractable
“C.residues, subsamples of extracted soils were combusted in a Packard sample oxidizer
(Packard Instrument Co.). '

Mobility and Degradation of Atrazine. In the leaching study. radioactivity was recovered
in the leachate with the first rain event, indicating preferential (macropore) flow. Each week,
approximately 0.1% of the applied radioactivity was detected in the leachate and. cumulatively,
at the end of the 12-week period, 1.2% of the applied “C-ATR was recovered. Withsucha
low amount of “C recovered in the leachate, no attempt was made to characterize the
radioactivity (parent versus degradation products). Based on the proportion of “C to active
ingredient in the treating solution, the cumulative concentration of ATR in the leachate was 7.6
el '

The majority of the radioactivity remained in the top 10 cm of soil (77% of the applied
14C), with the greatest proportion of *C as soil-bound (unextractable) residues (57%) (Figure
2). Deethylatrazine (DEA) was the most predominant degradate. with 3.6% of the applied
14C characterized as DEA in the top 10 cm of soil. Deisopropylatrazine (DIA) was the
second most predominant identified degradate. Polar degradation products (from the aqueous
fraction after partitioning of the soil extracts) were greater in the top 10 cm of soil than in other
depths. ' :
In this study. ATR. along with the two degradation products DEA and DIA. exhibited
the greatest mobility as they were detected at all depths. Their presence in soils of all depths
of the column might also be attributed to degradation of ATR after reaching these depths.

Mobility and Degradation of Deethylatrazine. A study was conducted to determine the
fate of deethylatrazine (DEA), a major metabolite of ATR, in large undisturbed soil columns
(6). Soil columns (135-cm diameter x 60-cm length) were obtained from a field with no previous
ATR history, as described in the ATR section. Two soil columns were prepared for laboratory
experiments by using a modification of the method described by (3) (Figure 1B). Inorderto
obtain a mass balance of the applied '“C, the top of the column was sealed with an additional
section of PVC pipe (20-cm diameter by 20-cm length), and the top of this section was
capped with a plexiglas plate and sealed with silicon rubber adhesive sealant (General Electric
Co., Waterford, NY) (6). Within the Plexiglas™ plate, three holes were cut. A large central
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hole, or port, was sealed with a neoprene stopper and used to access the top of the soil
column during the leaching experiment. The stopperhada glass rod through the center which
served as an attachment site for a polyurethane foam trap for trapping '“C-organic volatiles.

. Inorderto trap “CO, arising from complete mineralization of “C-DEA, a sodium hydroxide
(N20OH) trap was suspended from a neoprene stopper in a second port. In order to assure
that aerobic conditions were maintained, a perforated plastic centrifuge tube (capped with a
neoprene stopper) containing 5 ml ultrapure water and two drops of a 4% resazurin solution
was inserted to serve as a monitor for the aerobicity of the headspace over the soil column.
All neoprene stoppers were wrapped with Teflon® tape.

Soil Treatment and Leaching. Each column received an application of DEA equivalent
t0 0.5 Ib a.i./acre and approximately 20 pCi of [“C]DEA by applying a treating solution
prepared with a mixture of analytical grade DEA and [U-ring-“C]DEA (94.8% radiopurity)
[“C]DEA dissolved in ultrapure water. The DEA treatment was incorporated into the top 2
cm of soil to minimize volatilization of DEA. Three days after treatment. a leaching study was
initiated with an equivalent of 3.8 cm of rainfall (675 ml ultrapure water) applied slowly to the
top of each column per week for 13 weeks. Rainfall applications usually took between 40
and 60 min. Leachate from each rain event was collected at the bottom of columns in 100-
aliquots which were anatyzed for radioactivity by liquid scintillation counting techniques (LSC).

Solid-phase Extraction (SPE) of Leachate. A modified SPE method was used to

isolate DEA and degradates from the leachate (10). Afier filtering the leachates through a
glass-microfiber filter, the pH was adjusted within the range of 7.0to 7.5 by drop-wise
addition of aqueous ammonia or phosphoric acid. For this procedure, Bond Elut® (Varian,
Harbor City. CA) cyclohexyl SPE cartridges were used. After conditioning the cartridges
with methano! and ultrapure water, leachates were passed through the SPE cartridges at a rate
of approximately 5 m/min, and then the cartridges were air-dried. DEA and degradates were
eluted from the cartridges with 10 ml of acetonitrile. Effluent volumes were taken, and
subsamples of the effluent and eluate were counted by using liquid scintillation spectroscopy,
with radioactivity in the effluent categorized as unidentified polar degradates. DEA and
degradates in the acetonitrile eluate were characterized by thin-layer chromatography on normal
_phase silica gel plates in a solvent system of chloroform: methanol: formic acid: water (100:20:4:2)
(Novartis Crop Protection). Autoradiography was used to visualize the radioactive spots
associated with “C-standards. TLC plates were scraped and counted using LSC techniques.

Soil Extractions and Analyses. At the conclusion of the leaching experiment, soil
columns were cut into 10-cm increments, and subsamples were extracted and analyzed as
described in the ATR section and in (3).

Statistical Analysis. For components of the leachate, an analysis of variance
(ANOVA) was performed on the repeated measures design. Orthogonal contrasts were also
determined for specific comparisons of leaching events. To determine the effect of soil depth,
an ANOVA which used soil columns as a blocking variable was conducted on the components
determined in soil extractions and analyses.
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Mass Balance of DEA in Leachate and Soil. For thlS experiment. the overall
mean recovery of radxoactmty was 97%, with 89% of the applied radioactivity distributed
throughout soil columns at the end of the leaching study. Less than 0.2% of the applied “C
was recovered as “CO,, and no "*C-organic volatiles were detected.

Preferential flow was noted during the first leaching event. with a significantly greater
percentage of “C being leached in this rain event (2.3% of the applied "“C) compared with all
other rain events (p =0.0002) (Figure 3). Of this amount. 1.3% was a characterized as DEA.
There were no significant differences in the quantities of DEA leached trom the columns for
rain events 2 through 13. Unidentified polar degradates made up 1% of the radioactivity from
the first rain event. After the sixth rain event. the concentration of polar degradates exceeded
that of DEA in the leachate. Trace amounts (< 0.01%) of didealkylatrazine (DDA) and
deethylhydroxyatrazine (DEHYA) occurred in the leachate throughout the leaching study. With
the eleventh rain event. significantly greater DDA and DEHYA concentrations were noted.
compared with all of the other rain events (p=0.002 and p =0.004. respectivelv).

Cumulatively, 7.5% of the radioactivity applied to the top of soil columns was recovered
in the leachate over the course of the 13-wk leaching experiment. In consideration of the
unlabeled analytical grade DEA associated with this quantity of radioactivity in the treating
solution and taking into account the total volume of the leachate. this corresponds to a total
DEA/degradate concentration of 10 ug/L (in DEA equivalents). With 3.6% as DEA. this
corresponds to a concentration of 4.9 mg/L. The percentages of DDA and DEHYA in the
leachate over the 13-wk study were less than 0.02% of the applied. while unidentified polar
degradates accounted for 3.8% of the applied radioactivity. The unidentified polar degradates
may have included DDA and DEHYA since the SPE method used may not have been as
efficient for polar degradates including DDA and DEH YA, although it was efficient for isolating
DEA. Recent research by (11) has focused on methods for isolation of polar degradates. In
comparing the ATR-applied and DEA-applied soil column studies, it was noted that DEA was
more mobile than ATR. After 12 weeks. 6% of the applied DEA was leached (DEA and
degradates), compared with only 1% in ATR-applied soil columns (Figure 4).

Distribution of “C-DEA and Degradates in the Soil Profile. The top 10 cm of
soil columns retained the majority of the applied "C (67%). The percentage of DEA was
significantly greater in this depth (5.5%) than in the remaining depths (< 1.2%) (p = 0.0001!).
There were no significant differences in the quantities of DDA and DEH YA extracted from all
depths. Significantly larger quantities of unidentified polar degradates were formed in the top
10 cm (12%) compared with deeper soils (< 2.6%) (p = 0.001). Fifty-seven percent of the
applied radioactivity was unextractable (soil bound) from soil columns (sum of all depths). In
the top 10 cm, 48% of the applied radioactivity was unextractable. and this quantity was
significantly greater than in soils deeper than 10 cm (< 4.8%) (p =0.0001). The quantities of
bound residues in the 10 to 20-cm depth were an order of magnitude below those formed in
the top 10 cm (4.8%). and there were no significant differences in bound residue quantities
among soils below 20-cm depth. |

Mobility | and Degradation of Metolachlor. Metolachlor (2-chlor-N-(2-ethyl-6-
methylphenyl)-N-(methoxy-1-methylethyl)acetamide) is one of the most widely used herbicides
in the Midwestern United States (12). This moderately soluble (530 mg/L at 20°C) nonionizable
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herbicide is primarily transported in the water phase and is more mobile and persistent than
other chloroacetamide herbicides (13-16). Researchers have detected metolachlor in
subsurface soils (2.28 m deep) (14,17), subsurface tile drain water. and groundwater ( 18-
20). Based on the water solubility, sorption behavior. and moderate persistence of this herbicide.
the United States Environmental Protection Agency (USEPA) has listed metolachlor as having
apotential to leach through soil and contaminate groundwater (21). The following undisturbed
soil column studies were conducted to evaluate the fate of radiolabeled metolachlor in the soil
profile. The depth to which metolachlor leached in the soil and the quantity of metolachlor and
metolachlor degradation products in the soil column and the leachate were determined.

Laboratory Preparation. Undisturbed soil columns were extracted from a pesticide-
free field , prepared in the laboratory, and saturated with 0.005 M CaSO, as previously
described (Figure 1A). The performance of each column and the reproducibility between the
replicate soil columns were evaluated with a bromide ion tracer. A potassium bromide solution
containing 17.5 mg of potassium bromide (9.903 kg/ha) was applied to the surface of each
column. The soil columns were leached with 675 ml of ultrapure water to simulate 3.8 cm of
rainfall. Leachates were collected in fractions. and the concentration of bromide ion in each
fraction was measured using an ion-selective electrode.

Soil Treatment and Modification of the Soil Column for a Flow-through System.
Technical grade metolachlor and [U- ring -'*C]metolachlor (100 pCi) were dissolved in water
and uniformly applied to the surface of each soil column at the rate of 3.36 kg ai/ha. The
treating solution was incorporated into the top 2 cm with a spatula. and glass wool was place
over the top of each soil column to maintain the integrity of the surface. The top of the PVC
pipe was sealed with a Plexiglas™ plate containing a polytetrafluoroethylene-covered neoprene
stopper (#13) with three glass tube ports (Figure 1C). The center port was connected to a
separatory funnel that allowed ultrapure water to be applied to the soil column weekly. The
second port contained a charcoal trap that allowed air into the column and trapped organic
volatiles from the headspace of the column. The final port led to a 0.1 N sodium hydroxide
trap. followed by an Ultima Gold™ trap. A vacuum pump was used to create a suction that
bubbled the contents of each column headspace through 0.1 N sodium hydroxide and Ultima
Gold™ traps to absorb “CO, and "*C-organic volatiles. respectively. The radioactivity of
the trapping solutions was measured with a liquid scintillation spectrometer. A vial containing
a resazurin solution (several drops of a 4% resazurin solution in ethanol + water) was used to
determine when the enclosed headspace of the soil column became anaerobic. When the
column headspace became anaerobic. the headspace of the column was exchianged more
frequently (22).

Leaching Study. Beginning 3 weeks after the treatment of the soil columns, each
column was leached weekly for 12 weeks. The initial leaching of the columns was begun 3
weeks after the herbicide treatment to allow metolachlor to begin to degrade in order to
observe the mobility of metolachlor and metolachlor degradation products through the soil
profile. The leachates were collected, and the radioactivity in each leachate was determined
by LSC. o
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Solid-phase Extraction (SPE) and Analyses of the Leachate. A portion ofeach
leachate was vacuum filtered (glass fiber filter paper) and drawn through a solid phase extraction
cartridge (Supelclean Envi-18™ ). The quantity of ['“C]metolachlor and [“C]metolachlor
degradation products in the methanol eluates were characterized by thin-layer chromatography
(250-mm silica gel 60 F-254; hexane/methylene chloride/ethy] acetate (6:1:3, v/v/v) solvent
system) (23) and autoradiography (X-Omat™ Kodak diagnostic film). The location of the
non-radiolabeled standards were identified with an ultraviolet lamp (254 nm). and the percent
of radioactivity characterized as metolachlor or metolachlor degradation products was measured

by LSC.

Soil Extraction and Analysis. At the completion of the leaching study. soil columns
were disassembled and divided into 10-cm sections. Three 50-g subsamples were taken
from each 10-cm section and extracted three times with 150 ml of methanol/water (9:1 v/v).
The quantity of metolachlor and metolachlor degradation products in the soil extracts were
determined by thin-laver chromatography and autoradiography as described in the analysis of
the leachates. Extracted soils were combusted with hydrolyzed starch in a Packard sample
oxidizer (Packard Instrument Co.. Downer’s Grove. IL.) to determine the quantity of ['*C]soil
bound residues. Radiolabeled CO. resulting from the combustion of the soil was trapped in
Carbo-Sorb® E and Permafluor® V' (Packard Instruments Co.) and the radioactivity in each
sample was quantified using LSC. Percentages of ['*C]metolachlor mineralized to “CO,.
leached through the soil column, and the amount remaining in the soil (bound and extractable).
was calculated. Analysis of variance (ANOVA) was used to determine significant differences
berween metolachlor and metolachlor degradation products in the soil extracts and significant
differences between soil-bound residues in the 10-cm sections of the extracted soil column.

Mobility and Degradation of Metolachlor. The initial metolachlor mobility studies were
conducted with undisturbed soil columns similar to the deethylatrazine-treated columns (Figure
1B). Atthe completion of the analysis only 42% of the applied radioactivity had been recovered.
Additional soil columns were treated with [“C]metolachlor, and modifications were made to
the soil columns to reduce chemical loss and improve the final mass balance. Despite the
addition of the flow-through system (Figure 1C) and attempts to account for all radioactivity,
the recovery of the applied *C in the modified soil columns was 44%. The results of this study
are reported in percentage of recovered radioactivity.

Twenty-five percent of the recovered "“C leached through the soil profile of the
undisturbed soil columns. The quantity of radioactivity detected in the leachate gradually
declined with the leaching events from 3.34% in the first leachate to 1.09% inthe final leachate
(Figure 5). Only trace amounts (<1%) of the recovered radioactivity were characterized as
the parent compound. ['“C}metolachlor. in each of the leachates. At the completion of the
leaching study. greater than 6,500 ml of leachate had been collected at the bottom of each
column. The calculated concentration of metolachlor in the total leachate was 4.5 pg/L.

Metolachlor was degraded in the soil to a number of degradation products. Between
six and eleven degradation products were detected in each leachate. Our findings are in
agreement with those of (24) who detected metolachlor and six unidentified metolachlor
metabolites in the leachate of greenhouse lysimeters. The presence of eight degradation products
in the first leaching event indicates that some of the degradation products of metolachlor were
as mobile or more mobile than the parent compound.
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Figure 4. Radioactivity recovered in leachate from atrazine- or deethylatrazine-
treated soil columns. Bars represent standard deviations of the mean (n = 2).
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Figure 5. Metolachlor and metolachlor degradation products in the leachate of the
undisturbed soil columns.
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Distribution of Metolachlor and Metolachlor Degradation Products in the Soil
Profile. Seventy-five percent of the recovered “C remained in the soil column. Surface soils
(0-10 cm) contained more than five times the amount of radioactivity detected in any of the
subsurface soils (10-60 cm) (Table I). The significantly greater (p <0.05) percentage of
radioactivity detected in the surface soils and the significant decline in the quantity of “C in the
subsurface soils are similar to the findings of in the observations of (24.25) the fate of
['“Cmetolachlor in greenhouse lysimeters and field lysimeters. respectively.

Soil-bound residues accounted for the largest percentage of radioactivity detected in
the surface soils (Table I). Subsurface soils contained significantly less (p < 0.05) nonextractable
residues than surface soils. The quantity of radioactivity bound to the surface soil was between
eight and twenty-five times the amount found in the subsurface sections. The fate of agricultural
chemicals in the soil and their potential to leach through the soil profile and contaminate
groundwater is dependent on the persistence of the compounds and their sorption to the soil
(26). Adsorption of metolachlor to soil is correlated with increasing organic carbon content (r
=0.72), percent clay (r = 0.80). and cation exchange capacity (r = 0.94) of the soil (9, 13,
27-29). Surface soils often contain greater quantities of organic matter than subsurface soils.
Laboratory and greenhouse studies have reported metolachlor is weakly adsorbed and highly
mobile in low-organic matter soils (<1% organic matter) (27). Examination of this Iowa soil
revealsa 2.3% to 3.0% organic matter content in the soil from 0 to 45 cm. The presence of
48.7% of the recovered "*C (31.9% nonextractable bound residues) in the top ten centimeters
of our columns is believed to be the result, in part, of metolachlor and metolachlor degradation
products adsorption to the humic fraction of this soil (30).

The greatest quantity (p < 0.05) of extractable [“C]metolachlor and ['“C]metolachlor
degradates were detected in the top 10 cm of the soil column (Table I). Less than 2% of the
recovered "“C was identified as ["*C]metolachlor in the soil extract of the surface soils. while
14% was identified as extractable metolachlor degradation products. Negligible quantities of
metolachlor were measured in the soil extracts of the subsurface soils (<0.07%). Extractable
metolachlor degradation products ranged from 0.88% in the 40-50 cm section to 3.49% in
the 10-20 cm section.

Mineralization and Volatilization of Metolachlor. Ultima Gold™ traps and
sodium hydroxide traps were used to collect organic volatiles and “CO, produced from
the mineralization of [ “C]metolachlor. Mineralization of [“C]metolachior to “CO, was minimal.
Less than one percent of the recovered '*C was detected in the NaOH traps. Organic volatiles
were not detected in the headspace of the columns.

Volatility and Mobility of Methyl Bromide. Undisturbed soil columns were used to
study the volatility, mobility. and degradation of methyl bromide (MeBr) in soil (7,31).
Two undisturbed soil columns (15-cm diameter x 38-cm length) were obtained from an
agricultural field site (no previous pesticide history) near Ames, IA. Procedures for the
collection, removal, and storage of the columns were previously described by (2) and in this
chapter. Additional soil samples were collected at the same depths as the column to determine
the soil physicochemical properties. A composite of these soil samples consisted of sandy
clay loam soil with a pH of 5.4 and 54% sand. 25% silt. 21% clay. and 2.5% organic matter.
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Undisturbed soil columns were prepared for laboratory studies as described by (3.6)
and in this chapter (Fig. 1A-1B). Modifications were made to collect the MeBr that volatilized
from the soil (Fig. 1D) (7). The PVC pipe on the exterior of the column was longer than the
soil column to ensure sufficient headspace for the addition of an activated carbon trap. A
Plexiglas™ plate with three openings was mounted to the top of each PVC pipe and sealed
with silicon rubber adhesive sealant. These openings were sealed with polytetrafluoroethylene-
covered neoprene stoppers containing either a granular-activated carbon trap. resazurin trap.
or glass tube sealed with a septum (for addition of water). Granular-activated carbon traps
were suspended in the headspace of each column to adsorb MeBr that volatilized from the
soil. Each trap consisted of 8 g activated charcoal wrapped in 5 x 5-cm. 100% cotton net
(1-mm mesh). Resazurin traps (0.5 ml 4% resazurin in ethanol. with 4.95 ml deionized water)
were used to indicate if the column headspace was becoming anaerobic. Soil columns were
initially saturated with 0.005 M CaSO, then drained to field capacity as previously described
in this chapter. Four 500-mL increments of deionized water were leached through the columns
to determine the naturally occurring bromide ion (Br *) background concentration.

Soil Treatment and Leaching. Liquid MeBr (at 0.57 kg/m3. or 1 Ibvd*) was
applied to the soil surface, and the columns were immediately sealed. Soil columns were
incubated at 24 + 1 °C for 48 h to allow this fumigant to penetrate the soil and reach an
equilibrium between the air/soil/water. After the 48-h equilibration period. MeBr-fumigated
columns were place in column stands, maintained at 24 +1 °C. and leached weekly (for 23
weeks) with 500 mL deionized water to represent 2.5 cm of rainfall (7). Leachates were
collected at the bottom of the columns and analyzed for MeBr and its degradation product.
Br-.

Collection and Analysis of Volatilized Methyl Bromide. Forty-eight hours after
the application of MeBr. activated carbon and resazurin traps were suspended in the headspace
of each soil column. Carbon traps were replaced periodically and used to determine the
amount of MeBr in the headspace of the column. Upon removal. these traps were placed in
45-mL glass bottles equipped with screw caps and polytetrafluoroethylene-lined septa and
stored at -60 °C until analysis. The headspace of these bottles was analyzed prior to the
desorption of MeBr from the carbon. Procedures used to desorb MeBr from the carbon
traps were modified from (32). Two gram-carbon subsamples from each trap were placed in
7-mL glass vials and sealed with a polytetrafluoroethylene-lined septa. Three mL of air was
evacuated from the vials with a gas-tight syringe and replaced with 3 mL benzyl alcohol (Fisher
Scientific, Pittsburgh, PA). Samples were warmed to 110°C for 15 minutes and the headspace
was analyzed by gas chromatography (GC). The quantities of MeBr detected in the headspace
of the bottles and desorbed off the carbon were considered in the final calculation of MeBr
that volatilized from the soil.

Procedures for the analytical standards and analysis of sample and standard headspace
were modified from (32). Methyl bromide standards were made in benzyl alcohol. stored at
-60 °C. and replaced every 2 weeks. Samples were analyzed on a Varian 3740 gas
chromatograph equipped with a *Ni electron-capture detector. The glass column (0.912m x
- 20mm.d.) was packed with 100/120 mesh Porapak Q (Supelco Inc.. Bellefonte. PA) on
Carbopack with a carrier gas consisting of ultrapure nitrogen (26 mL/min). Injector. column.
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and detector temperatures were 170 °C, 140 °C, and 350 °C, respectively. Peak heights
- were used to construct a calibration curve and quantitate the samples.

Analysis of Leachate. Soil column leachates were analyzed for MeBr and Br- by
using GC headspace analysis as described above and a bromide-specific electrode attached
to pH meter (Fisher Scientific, Pittsburgh, PA). Br - standards were prepared with NaBr.
deionized water, and 5 M NaNO, (ionic strength buffer). Calibration curves were constructed
from the standards and used to determine the sample concentrations.

Soil Extractions and Analysis. Atthe completion of the study. undisturbed soil
columns were cut into 5-cm increments and analyzed for MeBr and Br- residues. Three 10-
g subsamples from each soil profile were placed in 45-mL glass vials, and the headspace was
analyzed on a GC as described above. These soil samples were then extracted with 20 mL
deionized water by mechanical agitation and centrifugation. The supernatant was removed
and analyzed for Br- using a bromide-specific electrode.

Volatility, Mobility, and Degradation of Methyl Bromide. MeBr volatilized
rapidly from the soil. The flux of MeBr from the undisturbed soil columns is shown in Figure
6. Greater than 75% of the MeBr flux occurred within 48 h after the fumigation period. After
7 days, MeBr was not detected in the soil column headspace. The volatilization of MeBr from
our undisturbed soil column study was comparable to the MeBr field study results reported by
(31,33-34). Andersonetal.,(31), also observed greater than 75% of the MeBr flux occurred
within 4 days after MeBrapplication. Negligible quantities of soil gas MeBr were detected
after 7d (31,33).

Soil column leachates from each rain event were analyzed for Br-and MeBr. Within
the first rain event following the MeBr fumigation, Br* increased from a background level of
- 0.01 pg/gto 0.4 ug/g (Figure 7) The concentration of Br- in the leachate continued to increase,
peaked at 3 weeks (4.3 pg/g), and gradually decreased with subsequent rain events. A total
0f 28.8 g/g Br-leached through the soil column, which represents > 5% of the MeBr initially
applied. MeBr was not detected in any of the soil column leachates throughout the 23-week
study. Wegman et al. (35) detected MeBrand Br-in drainage water from fumigated glasshouse
soils. They observed a sharp increase in the concentration of Br- during the initial irrigation of
greenhouse soils, followed by a steady decrease. The increase of Br- and the absence of
MeBr in the soil column leachates indicate MeBr will degrade in the soil and will not leach
through this soil profile. _

After the final rain event, soil columns were divided into 5-cm fractions and analyzed
for MeBrand Br-. Residuals of this fumigant and the metabolite were not detected in the soil
profile. Levels of Br- were similar to control (untreated) soil samples. Persistence of MeBrin
soil appears to be low, primarily due to its rapid volatilization, as well as biological and chemical
degradation. Based on these results MeBr would not be expected to contaminate groundwater
unless preferential flow was involved.
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Figure 6. Volatility of methyl bromide in undisturbed soil columns following a 48-
h fumigation period. Data points are the mean + one standard deviation. :
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Pesticide Adjuvants.

Pesticide applications invariably include the use of various adjuvants in the commercial
formulations. This broad category can include solvents. emulsifiers, sticking agents (adhesives),
UV-light protectants and dyes, among others. They are mostly considered to be inert ingredients.
but their environmental fate should also be addressed. Most of them have other industrial uses
and. hence, other environmental inputs.

Ethylene glycol and propylene glycol have been used as solvents in pesticide formulations
as well as antifreeze in vehicles and deicing agents for airplanes and runways. Their
environmental impact is often expressed as an excess nutrient input into bodies of water.
leading to a eutrophic anoxic system in which fish and other species with high oxygen
requirements die. Their degradation and mobility have not been previously investigated in a
soil column experiment.

Effects of Plants on the Degradation of Pesticide Adjuvants in the Intact Soil Column.
Rhizosphere is the region of soil directly influenced by the roots. Plant roots secrete energy-
rich exudates (sugars. amino acids. vitamins, and keto acids) and mucilages (polysaccharides)
that support large and diverse populations of microorganisms. Root-influenced soils have a
greater microbial biomass (10 to 100 times) and activity than bulk soils; therefore, enhanced
degradation of organic compounds may occur in the rhizosphere (36-39). In addition, the
interaction between plants and their associated microbial communities is mutually beneficial
for both types of organisms. Soil microorganisms have a positive influence on plants by 1)
solubilizing inorganic nutrients and secreting organic compounds (gibberellins, auxins, amino
acids. and vitamins) that stimulate plant growth and 2) potentially deterring plant pathogens
through competition and production of antibiotics (36, 38, 40).

Vegetation can enhance the removal of human-made organic compounds and pollutants in
soil environments by microbial degradation in the rhizosphere and plant uptake (41,42).
Previous research has shown enhanced degradation of industrial chemicals such as
trichloroethylene (43) polycyclic aromatic hydrocarbons (44), and petroleumn (45) in the
rhizosphere soil as compared to root-free soil. Increased mineralization of the pesticides
parathion (46) and carbofuran (47) has been reported in the rhizosphere of rice plants. Hsu
and Bartha (48) noted similar results for parathion in the bean rhizosphere. Accelerated
mineralization of pesticides has also been found in the rhizosphere of plants from pesticide-
contaminated sites. Anderson et al. (49) observed greater microbial biomass and enhanced
degradation of atrazine. trifluralin. and metolachlor (after 14 d) in the rhizosphere soil of
herbicide-resistant Kochia sp. in tomparison to nonrhizosphere and sterile soils, respectively.
Inaddition to enhanced degradation in the rhizosphere, plants may take up contaminants as
part of their transpiration stream (41). Lee and Kyung (47) monitored the uptake of fresh and
aged carbofuran residues by rice plants. Approximately 60 to 70 % of the “C detected in the
shoots was the intact parent compound in both the freshly applied and aged soils. Anderson
and Walton (50) studied the :ate of [“C]JTCE in soil-plant systems collected from a
contaminated site. They repor:c that 1 to 21% of the recovered radiocarbon (depending on
the plant species) was detected in the plant tissues, particularly in the roots. Vegetation may
play a vital role in reclaiming polluted ecosystems and preventing further contamination by
enhancing degradation and uptake into tissues, thereby reducing migration to surface waters
and groundwater aquifers.
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Effect of Vegetation on Mobility of Pesticide Adjuvants. Vegetated undisturbed soil
columns were used to study the influence of plants on the mobility of propylene glycol (PG)
and ethylene glycol (EG) through the soil profile. High concentrations were applied to
nonvegetated and vegetated undisturbed soil columns to simulate spills of these solvents used
as antifreezes, airplane deicing agents, and pesticide adjuvants.

Undisturbed soil columns (15-cm x 38-cm length) were collected from an agricultural
field site and prepared for laboratory studies as previously described in this chapter (Figure
1A) and by (2.3).

Eight soil columns (4 each) were planted with alfalfa (Medicago sativa) or rve grass
(Lolium perenne L.) (Figure 1E). Nonvegetated and vegetated columns were maintained in
a greenhouse (25 °C, 16:8 light:dark) for 4 months to allow sufficient growth of the plants.
Water was added to the columns as needed. Roots of M. sativa and L. perenne were
observed through the clear perforated Plexiglas™ bottom of the columns. This indicated that
M sativaand L. perenne roots were established through the length of the columns. Following
the four-month growth period. soil columns were saturated with 0.005 M CaSO. (2). then
drained to field capacity. )

Soil columns were moved to an incubator set at 25 °C, and the temperature was
slowly decreased (approximately 3 °C/24h)to 10 °C to represent spring conditions. Soil
columns were maintained at 10 °C with a 16:8 light:dark cycle for 96 h prior to the treatment
to acclimate plants to this temperature. During this 96-h time period. soil columns were
leached with 400 ml deionized water. These leachates were analyzed ona gas chromatograph
equipped with a flame ionization detector (GC-FID) and with a bromide-specific electrode
attached to a pH meter (Fisher Scientific, Pittsburgh, PA) to determine background levels of
propylene glycol and Br-, respectively. A KBr tracer was applied to the soil surface and
leached through the soil columns with deionized water. Breakthrough curves were determined
for each column by analyzing the quantity of Br- in the leachate. Br- standards were prepared
with NaBr, deionized water, and 5M NaNO . (ionic strength buffer). Calibration curves were
constructed from the standards and used to determine the sample concentrations (8).

Soil Treatment and Leaching. Propylene glycol (Fisher Scientific. Fair Lawn. NJ)
solution (1.76 ml PG/ 364 ml water) was applied to the soil surface. Twenty-four hours after
the treatment, soil columns were leached with 400 ml deionized water daily. Water was
applied to the columns in four 100-ml increments. This application caused a temporary pooling
of water each time. Soil columns were leached repeatedly throughout the studies (see Figures
8 & 9). Leachates were collected at the bottom of each column and analyzed on a gas
chromatograph (GC) to determine the quantity of PG and EG that moved through the soil
profile. Samples were stored in a freezer until the analysis.

Analysis of Leachates. Undisturbed soil column leachates were analyzed following
procedures modified from (51). Propylene glycol and ethylene glycol standards were made
every two weeks in deionized water and stored in a freezer. Leachate samples were analyzed
on a Varian model 3740 GC (Varian Associates, Sunnyvale, CA, USA), equipped with a
flame ionization detector (FID) and 2.7 m x 2 mm (i.d.) glass column containing 5% Carbowax
20M on 100/120 mesh Supelcoport® (Supelco Inc.. Bellefonte, PA). Ultrapure nitrogen
(99.9%) was used as the carrier gas at a flow rate of 20 ml/min. The injector and oven
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Figure 8. Concentration of propylene glycol detected in the leachate of
vegetated and nonvegetated soil columns.

1600
[ —-e— - nonvegetated
o 1400 [ ooeoalfalfa
£ o r —a—rye ,
g 1200 [~ ’ 2O ————00 -0 ————0
5 - ’o-—ooo
© 1000 F /
= i /
T 00 | /
z : 2
T 600 [
& i a
£ 400 F
2 i
] - I,
200 F o
[ 2
O ::':4 1 1 1 ! I I 1 1 : 1 1 1 ! 1 1 1 1 J
0 10 20 30 40
Time (days)

Figure 9. Cumulative concentration of propylene glycol detected in the leachate of
vegetated and nonvegetated soil columns.




108

temperatures were 250 °C and 160 or 200 °C. Propylene glveol samples were also analyzed
on a Shimadzu GC-9A GC-FID (Shimadzu Corp.. Kyoto, Japan) equipped with a 5%
Carbowax 20M packed column (1.2 mx 3 mm i.d.). The carrier gas was helium. and the
injector and oven temperatures were 300 °C and 160 °C, respectively. Peak heights were
used to construct each calibration curve and to quantitate the glycol in the samples. All the
standard curves had correlation coefficients exceeding 0.990. One-way analysis of variance
(ANOVA) and the least squared means were used to test for significant differences among the
treatments (52):

Influence of Vegetation on the Mobility of Glycols in Soil Columns. Propylene
glycol and ethylene glycol were detected in the leachates of all the soil columns studied (Figure
8 and 9). The greatest PG concentrations occurred within the first four leaching events and
continued to decrease with time. Approximately 53 to 86% of the recovered PG was detected
- inthe leachates within 7 d.

Greater than 500, 300. and 200 pg/ml EG was noted in leachates of the nonvegetated.
M. sativaand L. perenne soil columns. After 10 days. 6410 92% of the recovered EG had
Jeached through the soil columns. Movement of PGand EG through the soil profile depends
on its properties and adsorptive characteristics. soil characteristics. soil temperature. and the
quantity and frequency of runoff or precipitation (53).

Previous research has shown EG does not adsorb to soil (51). Lokke (51) reported
little or no adsorption of EG to sandy till. muddy till, or clayey soils. Propylene glycol and
ethylene glycol are water soluble and appear to be mobile within the 38-cm soil profile.

~ Results from this study indicate vegetation reduced the quantity of PG and EG that
moved through the soil profile. Leachates from the vegetated soil columns contained significantly
(p = 0.05) less PG than leachates from the nonvegetated columns (Figure 8). Measured
quantities of 91.5, 73.0. and 73.0 mg of PG were detected in leachates of nonvegetated, M.
sativa, and L. perenne soil columns, respectively. Similar results were noted with the EG-
treated soil columns (Fig. 9). The total quantity of EG that infiltrated through nonvegetated,
' M. sativa, and L. perenne. and soil columns was 1195.519.and 722 mg. respectively. The
results of the nonvegetated column shown in Figure 9 contain only one replication due to the
loss of the second nonvegetated soil column. Less EG was detected in the leachate from M.
sativa soil columns than L. perenne. but they were not significantly (p = 0.05) different.
Plants can decrease the concentration of PG and EG in soil and reduce their movement through
the soil profile to groundwater by plant uptake. enhanced degradation in root-associated soils,
and reduction of the soil water status (41). Results from previous research show enhanced
degradation of EG and PG inthe M. sativa and L. perenne rhizosphere soils compared to
nonvegetated soil (54). In the current study. we observed a9 to 12% decrease in the quantity
of water that leached through vegetated soil columns relative to the nonvegetated soil columns,
together with even greater reductions in the percentages of PG and EG that leached in the
nonvegetated columns. Overall, vegetation can clearly reduce the leaching of PG and EG

through the soil profile.
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Comparisons With Other Methods

Incubation Studies. While soil column studies provide important information on the mobility
of parent compounds and degradation products. comparisons of data from pesticide-applied
columns to that of controlled soil metabolism studies gives a better understanding of the fate of
the compounds. In studies conducted using intact soil columns, such as described in this
chapter, the presence of degradation products at various depths may be due either to movement
of degradation products formed in upper layers or to the degradation of the parent compound
once it has reached a particular depth. This is not the case in controlled soil metabolism
studies using contained soils from various depths. where the presence of degradation products
cannot be due to movement from another depth. Soil metabolism studies with a time series of
analyses can also give information on half-lives for applied pesticides.

From the ATR-applied soil column study (3), it was noted that DEA was present in
subsurface soils which could be due not only to degradation of ATR in all depths. but also to
movement after formation in upper lavers. DEA was more mobile than ATR in the soil column
studies (3, 6). The comparative fate of ATR and DEA in surface (0 to 30 cm) and subsurface
(65 to 90 cm) soils was studied in the laboratory (55). The concentration of DEA arising from
ATR degradation in subsurface soil increased 3-fold from a 60- to 120-d incubation period.
The halflives of DEA and ATR were significantly greater in subsurface soils than in the surface
soils. However, in soil from the 90- to 120-cm depth (held at -33 kPa soil moisture tension),
the half-lives for DEA and ATR were 178 and 161 d, respectively (55, 56).

Soil Thm-layer Chromatography. Studies on the mobility of pesticides have been carried
out by using amethod of thin-layer chromatography (TLC) t that incorporates a thin film of soil
onto a glass plate. Soil TLC (STLC) plates applied with radiolabeled pesticides are then
submitted to ascending chromatography by placing the plates in developing chambers containing
water as amobile phase. The differential affinity of a pesticide for soils of various characteristics
and water can easily and economically be determined. While the assessment of pesticide
mobility in large, intact soil columns is more true to field conditions, space requirements, time,
and cost are considerations for running multiple columns of various soil characteristics.
Concems. however, with using STLC are that no indication of preferential flow can be obtained,
and in the process of making STLC plates, pulverization of soil can alter soil characteristics
such that care must be taken with inferences to the real world.

In comparing the ATR- and DEA-applied soil column studies with an STLC study. all
conducted in this laboratory. it was noted that relative mobilities of ATR and DEA were
consistent. The relative mobilities of ATR, DEA, other pesticides, and degradates were
determined in an STLC experiment that used soils from the surface (0 to 30 cm) and subsurface
(65 to 90 cm) from ten soil types (2 depths. 5 locations) of lowa (57). In this study, DEA was
the most mobile compound in 8 of the 10 soils. These results agree with the soil column
studies in which DEA was recovered in greater quantities in leachate than was ATR (Figure 4).

Field Box Lysimeters. With the use of field box lysimeters, it is possible to study the fate of
pesticides under field conditions, while maintaining a somewhat contained system. Box-type
lysimeters (Figure 10) had been constructed using polyethylene sheets for sides and bottom
that were assembled by using stainless-steel bolts to secure aluminum angle-iron corers onto
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the sheets (58). The comer seams were treated with silicone sealant to make them waterproof.
and styrofoam sheets (2.5-cm thick) were placed against each side. Heavy-duty duct tape
was used to join each foam sheet, and a 0.5 mm-thick box-shaped, impermeable plastic liner.
with the same shape and dimensions as the lysimeter box, was placed inside each lysimeter,
pulled tightly over the styrofoam sheets, and attached to the outside of the lysimeter with duct
tape. The sides of the lysimeter extended above the soil surface. Through the use of a grave-
digging machine, the soil profile was excavated to make a hole that measured 234 cm by 92
cm by 137 cm. For the top 60 cm, soils were separated into 15-cm layers, and for soils
between 60 and 150-cm depth, soils were separated into 30-cm layers. A bentonite layer
(5-cm thick) was placed at the bottom of each excavated area. The lysimeter box was
lowered into the hole, and the gaps between the lysimeter and the soil were fill with bentonite.
A drainage-tile sump apparatus was installed, and the soil was replaced in the lysimeter laver
by layer, according to the original vertical soil profile. Two stainless steel suction lysimeter
tubes were installed, one on each side of the sump. One suction tube was installed at a depth
of 60 cm and the otherat 90 cm A two-year study of atrazine mobility and degradation in box
lysimeters showed that rate of application had an influence on the detection of residues in
water collected in the soil profile (59, 60).

This approach to studying the mobility of pesticides is advantageous in that one can
conduct rain simulations over the lysimeters, use various cropping systems, monitor pesticide
movement to tile drains, and determine concentrations in soil water by using the suction lysimeters.
With the excavation of the soil profile, however, it takes some time to reestablish soil structure,
and the box lysimeters are too large to remove to analyze.

- Conclusion

It is clear that several of the advantages of the lysimeter as an experimental unit are also
expressed in the intact soil column. The focus on intact soil columns in this chapter provides
some degree of comparison in the techniques. Both maintain the crucial capacity to integrate
the fate of the pesticide, measuring both degradation and mobility of the parent compound -
and transformation products. As analytical methods become more sophisticated, as public
concern over pesticides grows, and as requirements for pesticide registration data expand, it
is important that our understanding of pesticide degradation and movement in the environment
continues to advance. The advancement of our knowledge is, to a large degree, limited by the -
tools we possess to make the assessments of the behavior of agrochemicals in our environment.
It is therefore imperative that we constantly strive to develop and improve our methodology,
such as the lysimeter approach, to aid in the production and protection of a safe and bountiful
food supply, while affording protection of the environment.

Acknowledgment

Funding for this research was provided by the Center for Health Effects of Environmental
Contamination (CHEEC; University of Iowa, lowa City, IA), Novartis (Greensboro, NC),
the Great Plains-Rocky Mountain Hazardous Substance Research Center, the U. S.
Environmental Protection Agency (USEPA) (Cooperative Agreement CR-823864-01), the
U. S. Department of Agriculture Management System Evaluation Area Program, the North




112

Central Regional Pesticide Impact Assessment Program. and the Air Force Office of Scientific
Research Assistance for E. L. A. was provided, in part, by aUSEPA Graduate Fellowship.
Novartis (Greensboro, NC) provided analytical standards and radiotracers for these
experiments. Journal Paper No. J-17660 of the Iowa Agriculture and Home Economics
Experiment Station, Ames, lowa; Projects No. 3187.

Literature Cited

1. Czapar, G.; Horton, F. R.; Fawcett, R. S. J. Environ. Qual. 1992, 21, 110-115.

2. Singh, P.; Kanwar, R. S. J. Environ. Qual. 1991, 20. 295-300.

3. Kruger, E. L.; Somasundaram, L; Kanwar, R. S: Coats. J. R. Environ. Toxicol.
Chem. 1993a, 12. 1969-1975. .

4. Kruger, E. L.; Somasundaram. L.; Kanwar. R.S.: Coats. J. R. Environ. Toxicol.
Chem. 1993b, 12, 1959-1967.

5. Winkelmann, D. A.; Klaine, S. J. Environ. Toxicol. Chem. 1991, 10.335-345.

6. Kruger, E.L.;Rice. P.J.; Anhalt,J. C.; Anderson. T. A.; Coats. J. R. J. Agric. Food
Chem. 1996a, 44. 1144-1149. :

7. Rice. P. J.; Anderson, T. A.: Cink. J. H.; Coats. J. R. Environ. Toxicol. Chem.
1996, 15, 1723-1729.

8. Rice,P.J. In The Fate of Methyl Bromide, Ethylene Glycol, and Propylene Glycol
in Soil and Surface Water: Influence of Soil Variables and Vegetation on
Degradation and Offsite Movement; Ph.D. Thesis; lowa State University: Ames,
IA. 1996b, pp 42-70. .

9. Weber,J. B.; Swain, L. R.; Strek, H. J.; Sartori,J. L. In Research Methods in Weed
Science, N.D. Camper, Ed.; 3rd Edition; Southern Weed Science Society: Champaign,
IL.. 1986, pp 189-200. _

10. Steinheimer, T. R. J. Agric. Food Chem. 1993, 41. pp 588-595.

11. Lerch. R. N.: Donald, W. W. J. Agric. Food Chem. 1994, 42, 922-927.

12. Goolsby. D. A.; Thurman. E. M.; Kolpin. D.W. 1990. Geographic and temporal
distribution of herbicides in surface waters of the upper Midwestern United States,
1989-90. 91-4034. U. S. Geological Survey Water-Resources Investigation Report,
Denver, CO, pp. 183-188.

13. Peter. C. ].; Weber, J. B.; Weed Sci. 1985. 33. 874-881.

14. Frank.R.; Clegg, B. S.; Patni. N. K. Arch. Environ. Contam. Toxicol. 1991, 21,
253-262.

15. Humburg, N.E.; Colby, S. R.; Hill. E.R.; Kitchen. L. M.; Lym, R. G.; McAvoy, W.
J.: Prasad. R. Herbicide Handbook of the Weed Science Society of America;
Weed Science Society of America: Champaign, IL, 1989: sixth edition.

16. Zimdahl ,R.L.; Clark, S. K. Weed Sci. 1982, 30, 545-548.

17. Huang, L. Q.; Frink, C. R. Bull. Environ. Contam. Toxicol. 1989, 43, 159-164

18. Chesters, G.; Simsiman, G. V.; Levy.J.; Alhajjar, B. J.; Fathulla, R. N.; Harkin, J. M.
Reviews Environ. Contam. Toxicol. 1989, 110, 2-74.

19. Bengtson. R. L.; Southwick, L. M.; Willis; G. H.; Carter, C. E. Transactions of the

ASAE 1990, 33, 415-418.




20.

21.

23.
24.
25.
26.
27.

28.
29.
30.

31.

32,
33.

35.
36.
37.
38.
39.

40.
41.

42.
43.

45.

113

Mote, C.R; ; Tompkins, F. D.; Allison, J. S. Transacnons of the ASAE 1990, 33.
1083-1088.

Burgard, D. J.; Koskinen W. C ; Dowdy, R. H.; Cheng, H. H. Weed Sci.1993,41.
648-655.

Rice, P. J. In The persistence, degradation, and mobility of metolachlor in soil
and the fate of metolachlor and atrazine in surface water. surface water:/sediment.
and surface water/aquatic plant systems. Ph. D Thesis. lowa State University.

Ames, 1A, 1996a, 133 pp.

Liu, S.-Y.; Freyer, A. J.; Bollag, J.-M. J. Agric. Food Chem. 1991, 39. 631-636.
Alhajjar, B. J.; Simsiman, G. V.; Chesters, G. Wat. Sci. Tech. 1990. 22. 87-94.
Keller, K. E.; Weber, J. B. J. Agric. Food Chem. 1995, 43, 1076-1086.

Baker, J. L.; Mickelson, S. K. Weed Technol. 1994, 8, 862-869.

Obrigawitch, T.; Hons, F. M.; Abernathy, J. R.; Gipson, J. R. Weed Sci. 1981, 29.
332-336.

Van Biljon, J. J.; Groeneveld, H. T.; Nel, P. C. A4ppl. Plant Sci. 1990, 4. 46-49.
Weber, J. B.; Peter, C. J. Weed Sci. 1982, 30, 14-20.

McKinnon, J.; Weber, J. B. Proc. of the Southern Weed Sci. Soc. 1987, 40. 402-
404,

Anderson, T. A.; Rice, P. J.; Cink, J. H.; Coats, J. R. In Fumigants: Environmental
Fate, Exposure, and Analysis; Seiber. J. N.; Knuteson, J. A.; Woodrow. J. E.
Wolfe,N.L; Yates, M. V,; Yates, S. R. (eds.) American Chemical Socxety Washmgton.
DC, 1996, pp 42-52.

Woodrow, J. E.; McChesney, M. M. Anal. Chem. 1988, 60 509-512.

Yagi, K.; Williams, J.; Wang, N.-Y.; Cicerone, R. J. Science. 1995, 267, 1979-
1981.

Yagi, K.; Williams, J.; Wang, N.-Y.; Cicerone, R. J. Proc. Natl. Acad. Sci. 1993,
90, 8420-8423. .

Wegman, R. C. C.: Greve, P. A.; De Heer, H.; Hamaker, P. H. Warer Air Soil
Pollut. 1981, 16. 3-11.

Anderson, T. A.; Guthrie. E. A.; Walton, B. T. Environ. Sci. Technol. 1993, 27,
2630-2636.

Foster, R. C.; Rovira. A. D.; Cook, T. W. Ultrastructure of the Root-Soil Interface;
The American Phytopathological Society: St. Paul. MN, 1983, pp 1-10.

Pelczar, M. J.; Chan, E. C. S. Jr.,; Krieg, N. R. Microbiology; McGraw-Hill Book

‘Company: New York, NY, 1986; pp 107-549.

Paul, E. A.; Clark, F. E. Soil Microbiology and Biochemistry, Academic Press,
Inc.: San Diego, CA, 1989; pp 26-31.

Anderson, T. A.; Kruger, E. L.; Coats, J. R. Chemosphere. 1994, 28, 1551-1557.
Shimp, J. F.; Tracy, J. C; Davis, L. C.; Lee, E.; Huang, W.; Erickson, L. E.; Schnoor,
J.L. Crit. Rev. Environ. Sci. Tech. 1993, 23, 41-77.

Davis, L. C.; Erickson, L. E.; Lee, E.; Shimp, J. F.; Tracy, J. C. Environ. Prog.
1993, 12, 67-75.

Walton, B. T.; Anderson, T. A. Appl. Environ. Microbiol. 1990, 56, 1012-1016.
Aprill, W.; Sims, R. C. Chemosphere. 1990, 20, 253-265.

Rasolomanana, J. L.; Balandreau, J. Rev. Ecol. Biol. Sol., 1987 24, 443-457.




114

46.
47,
48.
49.
50.
51
52.

53.

54.

55.

56.

57.
58.

59..

60.

Reddy, B. R.; Sethunathan, N. Appl. Environ. Microbiol. 1983, 43. 826-829.
Lee,J.K.; Kyung, K. S. J. Agric. Food. Chem. 1991, 39, 588-391.

Hsu, T. S.; Bartha, R. 4ppl. Environ. Microbiol. 1979, 37, 36-41.

Anderson, T. A.; Kruger, E. L.; Coats, J. R. In Bioremediation of Pollutants in Soil
and Water; Schepart, B. S., Ed.; ASTM: Philadelphia. PA, 1995, pp 149-157.
Anderson, T. A.; Walton, B. T. Environ. Toxicol Chem. 1995, 14, 2041-2047.
Lokke, H. Water Air Soil Pollut. 1984, 22, 373-387.

Steel, R. G. D.; Torrie, J. H. Principles and Procedures of Statistics. Biometrical
Approach; McGraw-Hill Book Company: New York. NY. 1980. pp 137-191.
Burnside, O. C. In Pesticides in Soil and Water: Guenzi. W. D: Ahlrichs. J. L..
Chesters, G.; Bloodworth, M. E.; Nash, R. G., Ed.; Soil Science Society of America:
Madison, W1, 1974, pp 387-412.

Rice, P.J.; Anderson, T. A.; Coats, J. R. 1997. In Phytoremediation of Soil and
Water Contaminants; Kruger, E. L., Anderson, T.A.; Coats. J. R. (eds.) American
Chemical Society: Washington, DC, 1997, pp.162-176.

Arthur, E.L.; Anhalt, J. C.; Anderson, T. A.; Coats, J. R. J. Environ. Sci. Hith.
1997, B32, 599-620.

Kruger, E. L.; Rice, P. J.: Anhalt. J. C.; Anderson. T. A.: Coats. J. R. J. Environ.
Qual. 1997, 26, 95-101. .
Kruger, E. L.; Zhu, B.; Coats, J. R. Environ. Toxicol. Chem., 1996b. 13, 691-695.
Blanchet, L.; Kanwar, R. S. Proceedings of the American Society of Agricultural
Engineers, St. Joseph, MO, March 11-12. 1994.

Kruger, E. L.; Blanchet, L.; Kanwar, R. S.; Meyer, M. T.; Thurman, E. M.; Ander-
son, T. A.; Rice, P. J.; Coats, J. R. Proc. Amer. Chem. Soc. Div. Environ. Chem.,
Anaheim, CA (April 2-7, 1995) pp 243-246.

Kruger, E. L.; J.R. Coats. In Herbicide Metabolites in Surface Water and Ground-
water; Meyer, M. T.; Thurman, E. M. (eds.); American Chemical Society: Washing-
ton, D.C., 1996, pp 140-150. ,

Reprinted from ACS Symposium Series 699

The Lysimeter Concept

Environmental Behavior of Pesticides

F. Fiihr, R. J. Hance, J.R. Plimmer, and J.O. Nelson, Editors
Published 1998 by the American Chemical Society




